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ABSTRACT OF THE DISSERTATION 

 

The Establishment and Regulation of Melanocyte Stem Cells in Zebrafish 

By 

Thomas O’Reilly-Pol 

Doctor of Philosophy in Molecular Genetics and Genomics 

Washington University Division of Biology and Biomedical Sciences, 2012 

Dr. Stephen L. Johnson, Chairperson 

 

 Stem cells are the cells that regulate the growth and repair of tissues in adult organisms.  

In this thesis, I sought to develop methodologies to dissect the function and regulation of stem 

cells during zebrafish melanocyte regeneration. 

 In the first part of this thesis, I develop a drug based method of ablating melanocytes in 

the adult zebrafish body.  The drug is a copper chelator, neocuproine (NCP) that I show causes 

death specifically of melanocytes in adult, which allows for regeneration from melanocyte stem 

cells (MSCs). 

 In the next part of the thesis, I employ clonal lineage statistical analyses to study the 

establishment, recruitment, and proliferation, differentiation, and survival of MSC daughter cells 

during larval melanocyte regeneration.  These analyses suggest that MSCs are likely recruited at 

random for each regeneration event, and that approximately 84% of MSCs are recruited for any 

regeneration event.  I demonstrate that kit signaling has a greater requirement during larval 

regeneration than during ontogeny and compare the regeneration of kit heterozygotes to wild 

type.  The mutant heterozygotes have normal MSC recruitment and normal proliferation, 
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differentiation, and survival of daughter cells.  The mutant has defective MSC establishment, 

with this defect being quantitatively sufficient to explain the regeneration defect observed.  I then 

used further clonal lineage analysis to suggest that reduction of kit signaling causes inappropriate 

differentiation of fated MSCs into ontogenetic melanocytes.  These analyses are not unique for 

comparison of kit mutants to wild type, so can easily be applied to dissect any gene or drug 

which affects regeneration. 

 In the final part of the thesis, I explore how many spermatagonia form the adult zebrafish 

male germline.  An understanding of this number allows for efficient mutant screens, an essential 

part of the genetic dissection of any process.  The zebrafish has approximately 485 

spermatagonia, giving each male approximately 970 genomes which can be mutagenized.  This 

number can be considered during mutant screen designs to eliminate redundant screening. 
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Chapter 1 

 

Introduction 

 

Updated from 

 

Thomas O’Reilly-Pol and Stephen L. Johnson (2009) 

“Melanocyte regeneration reveals mechanisms of adult stem cell regulation” 

Seminars in Cell and Developmental Biology 5(4): 257-264 
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In developmental biology, we tend to use the term stem cell to describe cells with one or 

both of two features; the ability to produce multiple types of daughter cells (pluripotentiality), 

and the property of self renewal. For instance, the inner cell mass (ICM) of the blastula is a stem 

cell population for generating the diverse cell types of the embryo. These cells likely do not self 

renew during embryogenesis, but instead are consumed by the act of development. ICM cells can 

be coaxed to self renew in the petri-dish, an achievement that results in the laboratory embryonic 

stem cell (Martin, 1981). In contrast, cells of the skin, gut epithelium, and blood, tissues that are 

constantly turned over (physiological regeneration), are maintained by stem cells with limited 

potential to produce other cell types, but sufficient powers of self-renewal to maintain their target 

tissues through many decades of turnover. The different stem cells that maintain specific cells or 

tissues are collectively called adult stem cells. One such adult stem cell is the melanocyte stem 

cell (MSC). The existence of the MSC can be inferred from physiological regeneration of the 

mammalian hair follicle. At the end of each hair follicle cycle, matrix keratinocytes and the 

melanocytes that donate pigment to keratinocytes of the growing hair are shed, suggesting adult 

stem cell are responsible for generating both new keratinocytes and new melanocytes for the next 

hair follicle cycle (Oshima et al., 2001). Use of the dct:lacZ transgenic mouse (Mackenzie et al., 

1997) together with BrdU incorporation studies provided direct evidence of the MSC in the 

bulge region of the mammalian hair follicle (Nishimura et al., 2002). A variety of human 

depigmenting syndromes, including vitiligo and age-associated graying, are the result of loss of 

MSCs from the hair follicle (Nishimura et al., 2005).  

The goal of studying melanocyte regeneration in zebrafish is to understand the 

mechanisms underlying regulation of adult stem cells in general, or melanocyte stem cells in 

particular. More and more evidence is accumulating for the existence of a variety of different 
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adult stem cells in mammals, but the nature of the mechanisms that regulate them, and can then 

be exploited to regenerate tissues for therapeutic purposes lags behind. The hope is that simple 

paradigms for ablating melanocytes and then challenging their ability to regenerate in zebrafish 

will lead to the identification of mutations or of drugs that affect the regulation of the melanocyte 

stem cell, that can then translate into applications for manipulating a variety of stem cells in 

therapeutic applications.  Outlined in Figure 1-1 are some of the mechanisms that can be 

expected to be involved in adult stem cell regulation, including the embryonic mechanisms that 

establish the stem cells, that recruit the stem cell to produce new cells in response to growth or 

injury, and then differentiate them. It also seems likely that the stem cells are repressed by 

intact target cells or tissues. Finally, stem cells renew themselves when they generate new cells 

for development. However, unlike in mouse (Nishimura et al., 2002), the zebrafish melanocyte 

stem cell (MSC) has not been directly identified, and the inferences that we draw about the 

zebrafish melanocyte stem cell come indirectly from the analysis of their differentiated 

daughters, the melanocytes, following regeneration or pigment pattern metamorphosis. Here, I 

discuss several examples of regenerating melanocytes that shed light on one or more of the 

mechanisms involved in adult stem cell regulation.  

 

Two populations of melanocytes in the regenerating fin 

Fin regeneration in zebrafish was first described by Goodrich and his colleagues 

(Goodrich and Nichols, 1931) in his studies to use re-establishment of pigment patterns in the 

regenerating fin to provide a different perspective on the mechanism responsible for the 

patterning of the melanocyte stripes. Those experiments are summarized in Figure 1-2. Briefly,  
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Figure 1-1. Mechanisms utilized in Melanocyte Stem Cell regulation. This schematic 

shows different types of mechanisms that are likely involved regulating MSCs during 

regeneration experiments. Blue circle represents the MSC, triangle represents melanoblast 

intermediate, and the black cell represents a mature melanocyte.
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within 4 days after amputation (converted to standard regeneration stages at 25 degrees) 

melanocytes are observed scattered throughout the regenerate. By 7–8 days, most of the  

melanocytes in the proximal, or developmentally oldest part of the regenerate, are now arranged 

in distinct stripes, and scattered melanocytes outside the presumptive stripe are only found in the 

most distal, or developmentally youngest region of the regenerate. This pattern of melanocytes in 

the regenerating fin persists until several weeks after amputation, at which time regeneration is 

largely completed and no melanocytes are found in the distal, presumptive interstripe regions of 

the regenerate. These studies suggested that the distal, scattered melanocytes are also 

developmentally younger, and that maturation of the regenerate then leads melanocytes in 

interstripe regions to either die, or migrate into stripe regions. These studies of Goodrich, 

together with more modern tools and the availability of mutants that affect pigment pattern in 

zebrafish later led to the studies of Rawls and Johnson (Rawls and Johnson, 2000; Rawls and 

Johnson, 2001) to explore the origins and genetic control of development of melanocytes in the 

regenerating fin.  

In principle, without evoking exotic models such as transdifferentiation or re-

establishment of stem cells, regenerating melanocytes can come from one of two sources: cell 

division from existing, pigmented melanocytes, or recruitment of melanocyte precursors or stem 

cells to re-enter developmental pathways, reenter the cell cycle, and produce new melanocytes de 

novo. For instance, the first model, whereby differentiated cells re-enter the cell cycle and simply 

divide to grow new cells seems to be the case for regeneration of the bone or lepidotrichia in 

regenerating zebrafish fin, as revealed by BrdU incorporation or by lineage analysis of mosaic 

clones of transposons expressing GFP under strong ubiquitous promoters (H. Huang and S. 

Johnson, unpublished). In contrast, the second model seems to hold for hair cell regeneration in  



www.manaraa.com

 6 

 

Figure1-2. Two types of melanocytes contribute to the regenerating stripe in the 

regenerating zebrafish caudal fin. Schematic shows that primary regeneration melanocytes (in 

blue) first develop in scattered locations in distal or developmentally youngest part of fin. 

Secondary, or regulatory melanocytes (in red), develop in more proximal or developmentally 

older parts of the regenerate, in response to deficits in the primary regeneration melanocyte 

stripe. In kit mutants, that lack primary regeneration melanocytes, secondary regulatory 

melanocytes account for the entire population of regeneration melanocytes.
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 he lateral line, whereby supporting glial cells, that seem to serve as the stem cell for the 

neuromast, divide to produce new hair cells following neomycin induced hair cell ablation (Ma 

et al., 2008). 

Which of these models hold for melanocyte regeneration in the regenerating fin was 

solved by using the pre-existing melanin in differentiated melanocytes as a lineage marker, and 

preventing new melanin synthesis in any newly differentiated melanocytes by incubating fish in 

a melanin synthesis inhibitor, phenylthiourea (PTU). The finding that preexisting melanin is not 

partitioned to the vast majority of melanocytes that are found in the regenerating fin suggested 

that regeneration melanocytes develop de novo from undifferentiated precursors, rather than by 

division of differentiated, pigmented cells (Rawls and Johnson, 2000). 

The existence of two distinct populations of regeneration melanocytes in the regenerating 

fin is suggested by the kinetics of melanocyte appearance in the kit mutant regenerates. In 

contrast to regeneration in the wild type fin, that produces de novo melanocytes throughout the 

regenerate beginning at 4 days, and then restricted to distal, developmentally younger tissue at 7 

or 10 days following amputation, kit mutants have no new melanocytes in the regenerate at 4 or 7 

days (Rawls and Johnson, 2001). However, by 8–10 days kit mutants begin to develop new 

melanocytes. In contrast to wild type fish that develop melanocytes throughout the distal, or 

youngest, area of the regenerate, melanocytes in the kit mutant first appear restricted to the 

presumptive stripe, in the developmentally oldest regions of the regenerate (Rawls and Johnson, 

2001). This finding reveals that there are two distinct populations of melanocytes that contribute 

to regeneration. First, an early, primary population develops throughout the newest, or distal, 

portion of the regenerate. The development of this population is promoted by the kit receptor 

tyrosine kinase. Lacking kit function, a second, regulatory population of melanocytes develops. 
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This population appears after a delay of approximately 4 days, in the proximal or 

developmentally older part of the regenerate, and only in the presumptive stripe. This population 

plays little or no role in normal stripe regeneration, except perhaps to fill in gaps or holes left by 

the primary population. However, in the absence of the kit-dependent primary population, such 

as in kit mutants, the secondary or regulatory population generates as many melanocytes as does 

the wild-type regenerate (Rawls and Johnson, 2001). 

In situ expression analysis revealed that kit transcript is upregulated in cells near the 

amputation plane as early as 1.5 days post amputation (dpa), suggesting an early role for kit in 

recruiting stem cells back into regeneration pathways (Rawls and Johnson, 2001). However, it 

remained possible that kit function was also required to establish these stem cells during 

embryonic development. To address this question, Rawls and Johnson (2001) isolated a 

temperature-sensitive allele of kit (Rawls and Johnson, 2001). Reciprocal shifts from embryonic 

stages through stages after amputation revealed that kit was not required for establishing the 

melanocyte stem cells during embryonic development, but rather was required beginning two 

days after amputation. Thus, the role for kit in fin melanocyte regeneration is not in establishing 

the stem cell population, but instead to recruit the stem cells back into development, or in some 

early stage of melanocyte differentiation (Rawls and Johnson, 2001). 

The finding that fin melanocytes develop by two different pathways, one dependent on kit 

function, and a second regulatory pathway that produces melanocytes independent of kit, raises 

several important issues in adult stem cell regulation. One question is: how do stem cells know 

when they have generated sufficient cells to repair the missing tissue? The MSCs of the 

regenerating fin seems to have solved this problem by using two distinct mechanisms. First, 

dependent on kit function, the stem cells generate excess melanocytes that are distributed 
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throughout the distal, or developmentally youngest, part of the regenerate. Rather than 

responding to loss of repression from pre-existing melanocytes, the primary melanocytes seem to 

respond positively to a fin-wide regeneration signal, that then generates excess melanocytes, 

which are then pruned down to the numbers needed for the appropriate stripe. A compelling 

question is: what is the nature of this positive signal that recruits stem cells into the primary 

regeneration pathway, and is this the same signal used to evoke regeneration of other tissues in 

the regenerating fin? 

In contrast to the primary, kit-dependent melanocytes, the second, kit-independent 

population of melanocytes seems exquisitely sensitive to the presence of melanocytes, and 

appears to generate new melanocytes only to fill in holes or gaps in the stripe pattern after the 

primary population has done its best. A question raised by these two different types of 

melanocytes is whether they arise from the same stem cells, that change physiology of their 

response as they come to reside in developmentally older tissue, or instead identify two distinct 

populations of stem cells that fulfill the different roles of first producing an excess of 

melanocytes, and then filling in the holes and gaps left by the first mechanism.  This question 

was solved by Tu and Johnson using clonal analysis methods described in more detail below 

(2010). 

 

Specific ablation of larval melanocytes reveals MSCs are repressed by their targets 

A thorough dissection of the mechanisms regulating MSCs outlined in Figure 1-1 

requires the development of a simpler system than regeneration of the complex tissues of the 

adult fin, described above. Ideally, this could be achieved by melanocyte specific ablation, 

employed in stages of the life history with little or no other role for melanocyte development. 
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The development of methods to use clinical tattoo-removal lasers on one hand (Yang et al., 

2004) or melanotoxic drugs to kill late stage melanoblasts or newly born melanocytes on the 

other hand (Yang and Johnson, 2006), meets the first of these goals. The relative lack of new 

melanocytes during the larval stage from 60 hours post fertilization (hpf) through 14 days post 

fertilization (dpf) (see Figure 1-3) meets the second, and sets the stage for a sensitive dissection 

of the regulation of the MSC.   

One of the most salient features of the embryonic melanocyte is that it is the only darkly 

pigmented cell in the embryo. One property of dyes such as melanin is that they are efficient at 

absorbing energy from light. Yang and colleagues hypothesized that if they could deliver 

sufficient visible light to the embryo, they could specifically heat and kill melanocytes without 

affecting surrounding tissue (Yang et al., 2004). To achieve this, these investigators tried clinical 

tattoo-removal lasers. These lasers provide intense visible wavelength light in pulses on the order 

of 5 nanoseconds. Moreover, the light is delivered in 1–3 mm diameter beams, allowing for 

exposure of much of the embryo in a single pulse. When 2–3 dpf larvae were irradiated, they 

showed the typical phenotype of melanocyte cell death, including contraction of dendritic 

processes in melanocytes in the beam path, followed by their extrusion from the larva. Moreover, 

when exposed embryos were then incubated with the melanin synthesis inhibitor PTU (see 

above), the region of the embryo in the beam path remained clear of pigmented melanocytes. 

Subsequent washout of the PTU resulted in the appearance of melanized melanocytes in the 

beam path. Following the logic used for demonstrating MSCs in the regenerating fin (above), 

this result indicated that MSCs support and regenerate missing larval melanocytes (Yang et al., 

2004). In this case, and unlike the case for the regenerating fin, the regeneration of melanocytes 

following melanocyte-specific ablation demonstrates that the larval melanocyte is actively 
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repressing the MSC, and that this repression is relieved when melanocytes are ablated. Whether 

this repression is direct between the melanocyte and its stem cell, or instead is mediated by other 

cells or a MSC niche, remains to be determined. 

  A more easily applied method of melanocyte-specific ablation is provided by the 

discovery of the small molecule 4-(4-morpholinobutylthio)phenol (MoTP) that effectively kills 

embryonic and larval melanocytes. MoTP was first identified in the small molecule screens of 

(Peterson et al., 2000), that showed that embryos could develop in this drug, but lacked 

melanocytes. Yang and Johnson subsequently showed that MoTP is a prodrug that is converted 

by tyrosinase to a cytotoxin (Yang and Johnson, 2006). Tyrosinase is an enzyme that converts 

tyrosine to melanin and is only expressed at high levels in the melanocyte, thus accounting for 

the melanocyte specificity of MoTP cell ablation. Following MoTP incubation of melanized 

larvae, melanocytes retract their dendritic processes and are extruded from the fish, similar to 

that described for melanocyte death in kit mutants (Parichy et al., 1999) and following laser 

ablation. Unlike the laser ablation discussed above, all the melanocytes in the embryo are killed. 

As seen in Figure 1-3B, these cells leave behind pigmented detritus. When embryos are 

incubated in MoTP prior to melanization, (from 14 hpf, Figure 1-3D), the melanoblasts are killed 

without leaving behind a pigmented detritus, that facilitates subsequent quantitative analysis and 

enables screens for melanocyte regeneration mutants (below). That MoTP ablation is revealing 

activity of a MSC is demonstrated by the findings that regeneration melanocytes have undergone 

at least two rounds of cell division as determined by BrdU incorporation, and that the larvae can 

be induced to regenerate melanocytes again, with a new round of MoTP exposure (Yang and 

Johnson, 2006).  These results indicate that the melanocyte regeneration observed is not due to  
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Figure 1-3.  MoTP mediated larval melanocyte ablation and regeneration. (A) 3 dpf zebrafish 

larvae with normal or ontogenetically developed embryonic melanocytes. (B) Similar 3 dpf 

larvae exposed to melanotoxin MoTP from 30–72 hpf to kill melanocytes. Note faint pigmented 

detritus. (C) MoTP treated larvae after drug washout and melanocyte regeneration. (D) 

Schematic shows that wild-type zebrafish (black line) develop embryonic melanocytes prior to 

60 hpf, and that between 60 hpf and 14 dpf, few new melanocytes are added to the larval 

pigment pattern. Treatment with MoTP following melanocyte differentiation (red line) results in 

rapid melanocyte death. Washout of MoTP results in regeneration of approximately 80% of 

embryonic melanocyte numbers. Treatment with MoTP before overt melanization (green line) 

kills developing embryonic melanocytes, but has no affect on melanocyte regeneration. The 

development of new melanocytes during metamorphosis (beginning at 14 days) is not affected 

by earlier MoTP treatments. 
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recruitment of a post-mitotic melanoblast, or poised precursor, and further suggest that the 

precursors recruited for regeneration are renewed. 

Similar drugs, such as 4-hydroxyanisole (4-HA), that are also converted by tyrosinase to 

cytotoxins, were developed in the 1970s in pursuit of chemotherapies for melanoma (Naish et al., 

1988). Unfortunately, in mammals, these drugs were also converted to cytotoxins in the liver, 

rendering the drugs unsuitable for clinical use against melanoma. In zebrafish, at high 

concentrations or when applied for more extensive periods, MoTP is also lethal to embryos, 

perhaps due to less efficient conversion to cytotoxins by other enzymes. Another limitation of 

MoTP is that it is only effective at killing melanocytes prior to 5–6 dpf, or in newly regenerated 

melanocytes, that have sufficiently high expression of tyrosinase (Yang and Johnson, 2006). This 

tends to limit chemical ablation of melanocytes to studies of larval regeneration. Identification of 

additional drugs that kill old or mature melanocytes in the adult will allow analysis of the 

regeneration potential of the adult melanocyte, and the properties of the stem cells that support 

them as well.  The development of such drugs is the subject of Chapter 2. 

The finding that the larvae recruits from a MSC to repair damage to the embryonic 

melanocyte pattern raises new questions about the establishment and regulation of the MSCs that 

generalize to all adult stem cells. One question that comes to mind is whether the MSC is 

restricted in its lineage, generating only melanocytes. An alternative model is that the MSC 

activity that we infer from the properties of melanocyte regeneration is actually a multipotent 

precursor, which can generate all pigment cells, or all neural crest derivatives, such as the neural 

crest stem cell (Stemple and Anderson, 1992).  Solving this question in vivo in zebrafish will 

require the direct identification of the MSC, or lineage and clonal analysis techniques that vitally 

and persistently mark all derivatives of the neural crest. 
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An additional problem suggested by these findings is: what is the origin of the MSC in 

the embryo? There is no reason to doubt that the MSC comes from the neural crest, but there is 

no particular reason to imagine that it comes from the same lineages as those that give rise to the 

embryonic melanocytes. An alternative model is that the MSC arises from parallel, or unrelated 

lineages.  This question was addressed by Tryon et al. using clonal analysis methods described 

below (2011).  

 

Mutant screens for melanocyte regeneration 

Although regeneration of the adult caudal fin is easily achieved and several mutant 

screens have been performed to find mutations that inhibit fin (Johnson and Weston, 1995; 

Mellgren and Johnson, 2006; Nechiporuk et al., 2003; Poss et al., 2002), no mutants that have 

specific defects in fin melanocyte regeneration have been found from these screens. Mutants 

with profound defects in fin melanocyte regeneration, such as kit, were identified first as 

mutations that affect the embryonic pigment pattern (Johnson et al., 1995b). Moreover, it is 

likely that many of the genes that control the MSC are also required for viability of the embryo, 

and die before adult stages. A fine scale genetic dissection of melanocyte regeneration awaited 

the development of a practical regeneration assay in embryonic or larval stages. To accomplish 

this, Yang and Johnson developed a larval melanocyte regeneration screen (Yang et al., 2007). 

This screen combines the MoTP melanocyte ablation and regeneration assay with Early Pressure 

(EP) parthenogenesis (Streisinger et al., 1981) that allows for homozygosis of newly induced 

mutations. Unlike classic mutant screens in fruit flies or mice, that require that the investigator 

first generate sibships segregating the mutation, that are then interbred to generate mutant 
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animals, EP screens allow the investigator to skip the sibship-building generation, thus saving 

both time and animal facility space. 

An important feature of mutant screens is the mutagenesis itself. Although several 

mutagenesis protocols have been developed, the most popular are those that target the 

spermatogonia with the chemical mutagen ethylnitrosourea (ENU) (Mullins and Nusslein-

Volhard, 1993; Solnica-Krezel et al., 1994). Thus, adult males are treated with the chemical 

mutagen, ethylnitrosourea (ENU) for several periods over approximately one month. It is also 

important to allow the mutagenized males another several weeks before breeding to generate the 

heterozygous females, to allow the mutagenized spermatagonia to replace the sperm. Because 

each male has at least several hundred proliferating spermatagonial stem cells, typically each 

heterozygous F0 female represents an independently mutagenized genome. Specific locus tests 

for mutagenesis rates range from one to three new mutations per thousand/loci tested, suggesting 

that saturation mutagenesis, or finding an average of one mutation per gene that could be 

revealed by mutation in the screen, can be approached by screening the progeny of 

approximately 1000 F0 females.  As mutagenesis is an important feature of every mutant screen, 

efficient and efficacious usage of mutagenized males is important.  Calculations for the number 

of spermatagonia in zebrafish males for better screen design appear in Chapter 4. 

Another important feature of the larval melanocyte regeneration screen is that following 

ablation with the drug MoTP, melanocytes regenerate, as discussed above. In Figure 1-3B, we 

show the detritus of dying melanocytes that were allowed to partially pigment prior to MoTP 

ablation. In such ablations, the dying melanocytes and detritus are typically extruded from the 

fish. However, for screening purposes, such detritus may obscure mutants that fail to regenerate 

melanocytes. Our experience is that adding MoTP prior to overt differentiation of the melanocyte 
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also kills developing melanocytes. Because these have not yet made melanin, the detritus of their 

death does not confound identification of mutants that fail to regenerate melanocytes. Such 

mutants might also be due to simple defects in ontogenetic development, which will be revealed 

if one-half the haploid embryos that were set aside from the clutch develop with ontogenetic 

defects. Unlike normal sexual crosses, where Mendelian ratios of 25% are expected for mutants, 

the ratios in EP half-tetrad clutches can range from 5%, for some telomeric loci, to 50% for loci 

near centromeres. A more thorough discussion of half-tetrad genetics in zebrafish is provided by 

Johnson et al. (Johnson et al., 1995a). 

  

Regeneration is not ontogeny 

A reasonable expectation of the genetic requirements for regeneration is that many of 

same genes that promote the development of the cells or tissue will also have similar roles in its 

regeneration. Differences in genetic requirements between ontogenetic formation of a tissue and 

its regeneration might then reflect mechanisms that act specifically in one or the other. One 

example comes from the regeneration-specific defect of the temperature-sensitive fin 

regeneration mutation, reg6 (Huang et al., 2003; Johnson and Weston, 1995). This mutant has 

specific defects in branching morphogenesis used in growing the vascular plexus of the 

regenerating fin. Since ontogenetic growth of the fin proceeds without a vascular plexus and with 

little role for branching morphogenesis, the regeneration specificity of the mutation is explained 

by its role in a regeneration specific mechanism. Similarly, we can expect that identification of 

melanocyte regeneration mutations may identify mechanisms specific for regulating the stem 

cells that support the melanocyte pattern, or alternatively, identify differences in how 

melanocytes differentiate during ontogeny and regeneration. 
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One such mutation that differentiates between melanocyte ontogeny and regeneration is 

the temperature-sensitive allele of the kit receptor tyrosine kinase (kit-ts) (Rawls and Johnson, 

2001). This allele was discussed above to help show that kit is not involved in establishing the 

stem cell population that regenerates melanocytes in the regenerating fin, but instead is involved 

in recruiting the stem cell or differentiating the regeneration melanocytes (Rawls and Johnson, 

2001). In the adult fin, the requirement for kit in ontogeny and regeneration appear identical. In 

contrast, when embryonic melanocytes are ablated in the kit-ts mutant, either by laser or by 

MoTP, melanocytes largely fail to regenerate, even when embryos are held at the permissive 

temperature (Yang and Johnson, 2006; Yang et al., 2004).  Note also that melanocytes indeed 

develop in mutants bearing either null or temperature-sensitive alleles of kit. Thus, the 

requirement on kit for melanocyte differentiation is specific to regeneration melanocytes, or to 

various adult melanocyte populations.  The differential role of kit in ontogeny and regeneration is 

explored in Chapter 3. 

Two additional melanocyte regeneration-specific mutants were identified in a melanocyte 

regeneration screen as described above (Yang et al., 2007). Mutants for eartha and julie develop 

embryonic melanocytes, but fail to regenerate them after MoTP ablation. In situ expression 

analysis for dopachrome tautamerase (dct), a gene that promotes melanin formation and marks 

late melanoblasts, show that the eartha mutants accumulate dct-positive melanoblasts but fail to 

differentiate them into pigmented melanocytes. Closer examination of eartha mutants in 

ontogenetic development revealed that embryonic melanocytes begin to melanize normally, but 

fail to fully darken. Transplant experiments showed that the eartha gene acts cell autonomously 

in the melanocyte to promote this darkening. Positional cloning of the eartha gene showed that it 

is a defect in the enzyme glutamine:fructose-6-phosphate aminotransferase. This enzyme is the 
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first step in the hexosamine biosynthesis pathway, that are used either in long chain sugars in the 

extracellular matrix, or monomeric modifications that affect activity of specific proteins. Not 

surprisingly, the eartha mutation is pleiotropic, with defects in synthesizing the cartilage of the 

jaw and late larval lethality. The finding that eartha acts in the melanocyte tends to rule out roles 

in the extracellular matrix as that responsible for the regeneration defect and raises the possibility 

that eartha-dependent glycosylation of a specific protein may function to promote early 

differentiation steps in regeneration, that acts at late stages in ontogenetic development of 

embryonic melanocytes (Yang et al., 2007). 

Similarly, mutants for julie have defects specific to melanocyte regeneration that are not 

shared by embryonic melanocytes. Unlike eartha mutants, julie mutants fail to accumulate dct-

positive melanoblasts, indicating an earlier role, perhaps in recruitment from the MSC. Positional 

cloning of the julie mutation showed that it is a defect in skiv2l2 (Yang et al., 2007), the 

vertebrate ortholog of yeast MTR4 gene, an ATP-dependent RNA helicase thought to be 

involved in RNA processing or degradation through the exosome (Bernstein et al., 2008). Like 

eartha mutants, julie is pleiotropic, with general defects in cellular proliferation during larval 

stages. In situ expression analysis of skiv2l2 in larval zebrafish shows it is expressed similarly to 

the cell proliferation marker pcna, especially in the brain and eyes, regions that largely fail to 

grow in julie larvae after 3.5 dpf. Consistent with defects in general cellular proliferation, julie 

mutant larvae fail to regenerate their tails following amputation (Yang et al., 2007). Thus, here 

the regeneration-specific requirement for julie tempts us to speculate that the difference between 

ontogeny and regeneration results from whether there is an adult stem cell-like intermediate in 

the affected lineage. One possibility that explains the apparently normal appearance of julie 

mutants through embryonic development (through 3.5 days) is that most or all of the embryonic 
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cells develop without an adult stem cell-like intermediate, and that cell division following an 

adult stem cell requires the function of the skiv2l2 RNA helicase. 

  

MSC development may be revealed by pigment pattern metamorphosis mutants 

Developmental biologists have long noted that the adult pigment pattern of poikilotherms 

such as fish or amphibians differs strikingly from that of embryonic or larval patterns (Niu and 

Twitty, 1950). This has led to the notion that the embryo sets aside undifferentiated precursors, 

that are then recruited during metamorphosis, to generate the adult pattern. In zebrafish, this 

pigment pattern metamorphosis begins at approximately 14 dpf, continuing through 4 weeks, at 

which time the transition to adult pattern is complete and the fish look like small adults. Because 

these fish continue to grow and add melanocytes to their pattern throughout their lives, it is likely 

that a self-renewing stem cell is responsible both for the new melanocytes that arise during 

metamorphosis and the new melanocytes that arise during growth. This has led Parichy and his 

colleagues (Budi et al., 2008; Parichy et al., 2000; Parichy et al., 2003; Quigley et al., 2004) to 

explore how stem cell regulation is responsible for generating new cells in zebrafish 

metamorphosis, or responsible for the different deployment of new melanocytes observed in 

closely related species. Of particular interest are the mutants puma and picasso (Budi et al., 

2008; Parichy et al., 2003). Each of these mutants appears identical to wild-type individuals 

during embryonic and larval stages, but show deficits in recruiting new melanocytes upon 

reaching the onset of pigment pattern metamorphosis (2 weeks). Interestingly, puma was isolated 

in screens for temperature-sensitive metamorphosis (Parichy et al., 2003). In this mutant, the 

melanocyte deficit is partially suppressed when fish are allowed to mature more slowly at the 
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permissive temperature, or when growth was slowed by limiting nutrition, leading to the model 

that the mutant defect was slow expansion of the MSC population during larval growth. 

A second pigment pattern metamorphosis mutant, picasso, shows temperature and growth 

rate independent defects in generation of new melanocytes at metamorphosis. Positional cloning 

revealed a defect in the EGF receptor-like tyrosine kinase gene erbb3b (Budi et al., 2008). 

Mutants in this gene have also been described for their defects in glial cell development (Lyons 

et al., 2005). In each study, analysis of the mutant phenotype was aided by the availability of 

drugs that specifically block the function of erbb receptor tyrosine kinases. Because of the role of 

EGF receptor and its erbb homologs in a variety of cancers, several highly specific inhibitors of 

erbb receptor functions have been developed by the drug industry. Interestingly, only when these 

drugs are applied to zebrafish embryos between 14 and 22 hours (about the time when neural 

crest cells are migrating into the periphery) is the metamorphosis melanocyte deficit observed 

(Budi et al., 2008). Thus, the early time of drug action suggests that it blocks the establishment 

of the MSC population.  This was proven by Hultman et al. by showing that while the erbb3b 

mutant has normal ontogenetic melanocyte development, it regenerates very few melanocytes 

(2009).  Thus, this mutant reveals both a differential requirement for ontogeny form 

regeneration, and that adult pigment pattern mutants may also affect larval stem cells. 

 

Clonal analysis reveals stem cell properties 

 Clonal lineage analysis involves marking a single cell to follow the progeny of that cell.  

I will hereafter refer to that simply as clonal analysis.  Clonal analysis methods can range from 

injecting a dye into a single cell (Raible et al., 1992) to quite complicated genetic means (Livet et 
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al., 2007).  Similarly, the questions answered using clonal analysis vary greatly.  Here I will 

focus on questions involving stem cells and mentioned above.  

 Clonal analysis allowed Tu and Johnson to solve the relationship between the two 

regenerative melanocytes following adult fin amputation mentioned above (2010) utilizing the 

Tol2 transposable element (Kawakami et al., 2004).  The success of the Tol2 transposable 

element (Kawakami et al., 2004) in zebrafish has led to great advances in clonal analysis.  Clonal 

analysis can also be simplified through tissue specificity of the method of marking the cells.  A 

common way to achieve this is to put GFP under a tissue specific promoter.  To make clones 

specifically in the melanocytes, a portion of the fugu promoter for tyrosinase-related protein 1 

(ftyrp1) that drives expression specifically in the zebrafish specifically in the melanocytes and in 

the retinal pigmented epithelium (Zou et al., 2006) is used.  Tu and Johnson injected ftyrp1>GFP 

plasmid at the 1-2 cell stage to generate clones in fish carrying a temperature-sensitive allele of 

the kit receptor tyrosine kinase (kit-ts) (Rawls and Johnson, 2001).  These fish were reared at 

permissive temperatures and screened for clones in the fin.  They amputated these fins and 

allowed regeneration to occur at the permissive temperature.  The clones regenerated, 

establishing ontogeny and primary regeneration melanocytes as being related (Tu and Johnson, 

2010).  They then performed a second amputation of these fins and allowed regeneration to occur 

at the restrictive temperature, where the only regenerative melanocytes would be the secondary 

regeneration melanocytes.  They again observed clone regeneration, concluding that ontogeny, 

primary regeneration, and secondary regeneration melanocytes in the fin (Tu and Johnson, 

2010). 

 To solve the relationship between larval ontogenetic and larval regeneration melanocytes, 

Tryon et al. (2011) followed a similar methodology to Tu and Johnson (2010).  Instead of 
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screening for clones in the adult fin, Tryon et al. screened for melanocyte clones at 3 dpf.  Larvae 

were then treated with 4-HA to ablate the ontogenetic melanocytes, washed out of 4-HA, and 

allowed to regenerate melanocytes.  The larvae were then rescreened for clones, and a majority 

of ontogenetic clones also developed regeneration clones (Tryon et al., 2011).  They concluded 

that the ontogenetic melanocytes and the melanocyte stem cell were closely related by lineage 

(Tryon et al., 2011). 

 Clonal analysis can also be used to study specific aspects of the regeneration paradigm of 

Figure 1-1.  One example solved the renewal of the intestinal stem cell (Snippert et al., 2010).  

By modifying the “Brainbow” construct (Livet et al., 2007), every intestinal stem cell and its 

progeny could be uniquely identified.  By examining intestinal crypts after various time frames 

after clone induction, the conclusion was that stem cell renewal occurred randomly from all 

daughter cells from all intestinal stem cells within the crypt (Snippert et al., 2010).  Clonal 

analysis techniques, using the tools of Tu and Johnson and Tryon et al., will be used extensively 

in Chapter 3 to analyze larval melanocyte stem cells. 
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Neocuproine ablates melanocytes in adult zebrafish 
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ABSTRACT 

 

The simplest regeneration experiments involve the ablation of a single cell type. While 

methods exist to ablate the melanocytes of the larval zebrafish,(1,2) no convenient method exists 

to ablate melanocytes in adult zebrafish. Here, we show that the copper chelator neocuproine 

(NCP) causes fragmentation and disappearance of melanin in adult zebrafish melanocytes. Adult 

melanocytes expressing eGFP under the control of a melanocyte-specific promoter also lose 

eGFP fluorescence in the presence of NCP. We conclude that NCP causes melanocyte death. 

This death is independent of p53 and melanin, but can be suppressed by the addition of 

exogenous copper. NCP is ineffective at ablating larval melanocytes. This now provides a tool 

for addressing questions about stem cells and the maintenance of the adult pigment pattern in 

zebrafish. 
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INTRODUCTION 

 

 Understanding adult stem cells and their regulatory mechanisms is aided by tools that 

manipulate or ablate the tissue the stem cell monitors.  We are interested in the regulation of the 

melanocyte pattern and precursors or stem cells that may sustain it at various stages of the life 

cycle in zebrafish. We have previously developed laser protocols (Yang et al., 2004) or drugs 

(Yang and Johnson, 2006) that allow us to specifically ablate larval zebrafish melanocytes that 

subsequently regenerate.  Amputation of adult caudal fins is followed by fin regeneration with 

concomitant regeneration of the fin melanocyte stripes.  In each case, we have inferred the 

existence of melanocyte stem cells (MSCs) that support the melanocyte pattern. A mammalian  

melanocyte stem cell (MSC) has also been identified in the hair follicle (Osawa et al., 2005). 

Genetic analysis of melanocyte regeneration following chemical ablation in larvae (Yang 

et al., 2007) or in the regenerating caudal fin (Rawls and Johnson, 2000) has provided several 

insights into mechanisms that regulate the MSC, including identifying differences between 

ontogenetic and regenerative development.  However, each of these systems also has limitations 

for the study of stem cell regulation.  For instance, experiments on larval melanocyte 

regeneration must be completed before the onset of metamorphosis, approximately 14 days post 

fertilization (dpf), to ensure that the new melanocytes are regenerative and not part of the wave 

of new melanocytes that develop upon metamorphosis. Thus, regeneration experiments in the 

larvae are currently limited to two rounds of ablation and regeneration.  Moreover, many of the 

mutations that affect the adult pigment pattern in zebrafish have little or no effect on the 

embryonic or larval melanocyte.  The ability to reliably ablate melanocytes from the adult body 

stripes would both allow for multiple rounds of melanocyte regeneration and also allow us to 
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exploit the richness of mutations that affect adult pattern (Budi et al., 2008; Johnson et al., 

1995b; Lopes et al., 2008; Parichy et al., 2000; Parichy and Turner, 2003) in studying the 

mechanisms that regulate the melanocyte stem cell. 

The small molecule MoTP that we previously described (Yang and Johnson, 2006) that 

ablates larval melanocytes is a prodrug that is converted by the melanin synthesizing enzyme 

tyrosinase into a cytotoxic phenolic compound.  The high specificity of ablation of melanocytes 

is explained by the fact that only developing or newly pigmented melanocytes express 

sufficiently high levels of this enzyme to produce cytotoxic levels of the phenolic product.  One 

limitation of MoTP for melanocyte ablation is that it fails to ablate mature melanocytes that no 

longer express high levels of tyrosinase (Yang and Johnson, 2006).  Thus, embryonic 

melanocytes become largely refractile to ablation by MoTP after approximately 6 days post-

fertilization, and most adult melanocytes are also resistant to MoTP mediated ablation.  The laser 

protocol described for ablation of embryonic melanocytes (Yang et al., 2004), that utilize the 

intense flux of dermatology tattoo removal lasers, is effective in ablating melanocytes from the 

adult pigment stripes, but is less specific than in the embryo.  Laser treatment of the adult body 

stripe also results in the ablation of the yellow xanthophores as well as causing some collateral 

tissue damage (O’Reilly-Pol, unpublished data).  Identification of a small molecule or drug that 

specifically ablates mature melanocytes, particularly in the adult body stripes, and has no effect 

on xanthophores is now required to fill this gap in our ability to ablate melanocytes and study the 

potential of MSCs to regenerate the adult melanocyte population. 

       In this chapter, we describe the identification of a drug, neocuproine (NCP), that specifically 

ablates the melanocytes of adult zebrafish.  We have previously shown that NCP, a copper 

chelator, prevents tyrosinase function and melanin synthesis in the zebrafish embryo 
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(Mendelsohn et al., 2006).  In adult zebrafish, we show that the melanocytes exhibit the same 

sequellae of death (contraction and fragmentation) as observed in larval melanocyte ablation, as 

well as in other adult teleosts (Parichy et al., 1999; Sugimoto et al., 2000; Yang et al., 2004).  

This effect of NCP is suppressed by exogenous copper, suggesting that it acts through copper 

depletion to ablate melanocytes.  We also show through the use of albino fish that melanin is not 

necessary for this ablation.  Neocuproine now provides us with a tool to specifically ablate 

melanocytes in the adult to allow us to explore the regulation of the MSC in the adult zebrafish. 
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METHODS 

 

Fish stocks and husbandry 

 Standard fish husbandry protocols were followed (Westerfield, 1995).  Wild type fish 

stocks were largely AB.  j999a is a transgenic line containing a 7.7kb promoter fragment from 

upstream of the fugu kit gene cloned into the tol2 transposon vector and driving eGFP, inserted 

into the genome as previously described (Kawakami et al., 2004).  Melanophilinaj120 (Sheets et 

al., 2007) mutants were used in the generation of transgenic and mosaic fish (see below) as the 

melanosomes are concentrated in the center of the cell, thus allowing visualization of eGFP in 

most of the cytoplasm.  Albinob4 and p53zdf1 were obtained from the Zebrafish International 

Resource Center (NIH P40 grant RR012546). 

 

Drug treatments 

 4-(4-morpholinobutylthio) phenol (MoTP) was custom synthesized by Gateway 

Chemical Technology (St Louis, MO).  N-phenylthiourea (PTU) (catalog number P7629), 

epinephrine (cat. E4250), neocuproine (NCP) (cat. N1501), bathocuproinedisulfonate (BCS) (cat. 

B1125), and antabuse (cat. T1132) were obtained form Sigma-Aldrich (St. Louis, MO).  All 

drugs were changed every 2-3days.  Neocuproine was used at 750nM, except when noted as 

otherwise.  Epinephrine was used at 1mg/mL.  NCP and antabuse stock solutions were made in 

DMSO, and diluted to a final concentration in less than 0.1% DMSO. 

 As an internal control to demonstrate the effectiveness of copper chelation by NCP, PTU, 

BCS, and antabuse, a simultaneous partial amputation of the caudal fin was performed.  In each 
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case, the concentration of drug used was sufficient to block most or all melanin synthesis in the 

regenerating fin.  Treatment with vehicle (0.1% DMSO) allowed full melanin synthesis. 

Tyrp1:eGFP 

 The tol2 transposon construct used to generate  tyrosinase-related protein 1 (tyrp1):eGFP 

mosaic and transgenic fish was previously described (Zou et al., 2006).  The methods for 

generating mosaic fish and stable transgenics have also been described (Kawakami et al., 2004).   

Quantification of melanocyte loss was performed by counting along the middle stripe of the 

caudal fin for a length of 3 fin ray segments in the proximal portion of the fin. 

 

Photography 

 All pictures were taken with a ProgRes C14 camera with accompanying software 

(Jenoptik Laser. Optik. Systeme., Jena, Germany) on a Nikon SMZ 1500 Stereomicroscope 

(Tokyo, Japan). An X-cite 120 Fluorescent Illumination System (Exfo Life Sciences, Ontario, 

Canada) was used for fluorescent excitation of eGFP.  In some cases (Fig. 1A-F), fish were 

euthanized and mounted in 1% agar on 10cm Petri dishes.  They were then photographed 

through the bottom of the plate to reduce glare.  All other pictures were of live, unmounted fish 

taken with incidental light.  Pictures were edited with Photoshop CS2 (Adobe Systems 

Incorporated, San Jose, CA).   
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RESULTS 

  

Knowing that neocuproine (NCP), a copper chelator, affects copper-dependent processes 

including melanin synthesis in the zebrafish embryo (Mendelsohn et al., 2006), we wanted to see 

the effects of disrupting copper homeostasis in adult zebrafish.  Adult zebrafish were treated with 

750nM NCP, a concentration below the threshold necessary for blocking melanin synthesis in 

the embryo.  We found that by 10 days of treatment, fish were largely devoid of melanin in their 

body stripes and fins (Fig. 2-1B).  When fish were returned to fresh water, the pigment pattern 

was reconstituted within 4 weeks after drug washout (not shown). 

We wanted to better understand the depigmentation process, so we observed the 

morphology of melanocytes undergoing treatment with NCP.  Melanocytes start out with their 

melanin (melanosomes) fully dispersed and have many pigmented dendritic processes (Fig. 2-

1C).  By three days of treatment in 750nM NCP, all melanocytes have lost pigmented processes 

and the melanin is more contracted overall (Fig. 2-1D).  Some of the melanocytes have discreet 

puncta of melanin.  After five days of treatment, the melanin appears hazy, as if it is no longer 

cellular (Fig. 2-1E).  At 7 days, most of the melanin is gone, leaving only scattered dark puncta 

(Fig. 2-1F).  After 10 days, nearly all the melanin has been cleared, although there are areas that 

appear resistant to neocuproine such as some scale melanocytes and the distal tips of the fins.  

We suggest that this sequence of events reflects the death of melanocytes followed by 

mechanisms to clear the detritus (see Discussion). 

The observed phenotypes at 3 days intrigued us.  Melanosomes contract when exposed to 

epinephrine, with the melanosomes moving along microtubule networks towards the center of  
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Figure 2-1. Progression	  of	  melanocyte	  morphology	  during	  exposure	  to	  NCP.	  (A)	  An	  
untreated,	  fully	  pigmented	  fish.	  (B)	  A	  fish	  after	  10	  days	  of	  NCP	  treatment.	  It	  is	  almost	  
entirely	  devoid	  of	  melanin	  in	  the	  body	  stripes	  and	  fins.	  (C–J)	  Close-‐ups	  of	  melanocyte	  
stripes	  after	  treatment	  with	  NCP.	  Melanosomes	  are	  fully	  relaxed,	  and	  there	  are	  many	  
pigmented	  processes	  before	  treatment	  with	  NCP	  (C).	  After	  3	  days,	  the	  melanin	  has	  
contracted	  to	  result	  in	  lobular	  melanin	  masses	  (D,	  arrows).	  Some	  melanocytes	  have	  begun	  
to	  fragment	  (D,	  arrowheads).	  After	  5	  days	  of	  NCP,	  melanin	  appears	  as	  if	  acellular	  (E).	  After	  
7	  days,	  most	  of	  the	  melanin	  has	  been	  cleared,	  leaving	  scattered	  granules	  (F).	  Fish	  untreated	  
with	  NCP	  prior	  (G)	  and	  after	  exposure	  (H)	  to	  epinephrine.	  Note	  the	  contracted	  
melanosomes	  in	  (H)	  compared	  to	  (G)	  and	  that	  these	  contracted	  melanosomes	  are	  regular	  
and	  round	  in	  appearance.	  Lobular	  melanin	  masses	  after	  3	  days	  in	  NCP	  look	  similar	  before	  
(I)	  and	  after	  exposure	  (J)	  to	  epinephrine.	  Asterisks	  in	  (I)	  and	  (J)	  mark	  the	  same	  
melanocytes.	  Note	  that	  there	  is	  no	  change	  in	  these	  melanocytes	  after	  epinephrine	  
treatment.	  Scale	  bars	  in	  (A,	  B)	  are	  1 mm	  and	  in	  (C–J)	  are	  100 μm. 

3 days; no epi
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5 days

F

7 days
J

3 days; epi



www.manaraa.com

 33 

the cell (Sheets et al., 2007) (compare Fig 2-1G to 2-1H).  Melanin is partially contracted 

after 3 days of NCP treatment (compare Fig. 2-1G to 2-1I).  However, the shapes are different.  

Epinephrine treatment results in round aggregations of melanin, whereas NCP treatment results 

in irregularly shaped or lobular melanin aggregates (compare Fig. 2-1H to 2-1J).  Moreover, after 

3 days of NCP treatment melanin did not noticeably contract in response to epinephrine 

(compare asterisked melanocytes in Fig. 2-1I to 2-1J).  This suggests that the lobular melanin is 

not an intermediate stage of melanosome contraction. 

 

Loss of tyrp1:eGFP expression from melanocytes in NCP treated fish 

 Next, we used the previously described construct of fugu tyrp1 promoter driving eGFP 

(Zou et al., 2006) to make eight mosaic adults with eGFP expression in clones of melanocytes.  

Tyrp1 (tyrosinase-related protein 1) is expressed exclusively in melanocytes in both fish (Zou et 

al., 2006) and mammals(Jackson et al., 1990). Following 1 day in 750nM NCP we found that 

eGFP expression was no longer detectable in a majority of melanocytes (182/194 cells).  Some 

of these cells retain a small amount of eGFP.  However, the eGFP no longer surrounds the 

melanin mass as it did prior to NCP treatment (Fig. 2-2B arrowhead).  A few cells (12/194, 

arrow Fig. 2-2B) retain all of the eGFP expression, suggesting they are resistant to NCP.  We 

note that these melanocytes appear smaller than the melanocytes that lost eGFP expression 

following NCP treatment.  Thus, the resistant melanocyte may be younger developmentally and 

may need to mature to become NCP-sensitive (discussed below).  

 We also note that two of the mosaic adults contained xanthophore clones adjacent to 

melanocyte clones.  Xanthophores are a related, but different, type of dermal pigment cell that 

does not contain melanin.  Although stable transgenic lines for the tyrp1:eGFP construct do not  
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Figure 2-2. Loss	  of	  tyrp1:eGFP	  from	  mosaic	  adults	  after	  treatment	  with	  750	  nM	  NCP.	  (A)	  0	  
day.	  (B)	  1	  day.	  The	  arrow	  indicates	  one	  melanocyte	  that	  fully	  retained	  eGFP	  after	  
treatment.	  The	  arrowhead	  indicates	  one	  melanocyte	  that	  partially	  retained	  eGFP	  after	  
treatment.	  The	  eGFP	  no	  longer	  surrounds	  the	  melanin,	  and	  is	  not	  in	  dendritic	  processes	  
(compare	  with	  the	  arrow).	  The	  double	  arrowhead	  indicates	  a	  melanocyte	  that	  lost	  all	  eGFP	  
expression	  (compare	  with	  arrow	  and	  arrowhead).	  The	  asterisk	  indicates	  melanocytes	  that	  
were	  initially	  negative	  for	  eGFP.	  The	  black	  carats	  mark	  the	  boundary	  of	  the	  myotome,	  
which	  has	  mild	  autofluorescence.	  (C)	  Quantification	  of	  eGFP+	  melanocytes	  in	  eight	  mosaic	  
fish	  before	  and	  after	  NCP	  treatment.	   
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express eGFP in their xanthophores, we occasionally observe mosaic expression in xanthophores 

of injected animals.  These mosaic animals provide an opportunity to ask whether NCP affects 

transgene expression in another cell type.  In these fish, the eGFP expressing xanthophores 

maintained eGFP expression after neighboring eGFP-expressing melanocytes had extinguished 

their expression and fragmented (not shown).   

 To further explore the loss of eGFP we treated transgenic adult expressing tyrp1:eGFP 

with NCP.  In the proximal caudal fin, approximately 98% (1174/1195, n=4) of the melanocytes 

lost eGFP expression after one day of NCP treatment.  The minority of melanocytes that 

continued expressing eGFP at 24hrs persisted their eGFP expression through 4 days of drug 

treatment (not shown). 

 

Melanocyte specific loss of eGFP 

 To determine the specificity of NCP for melanocytes, we utilized the transgenic line 

j999a.  This line contains eGFP under the control of the fugu kit promoter.  Expression, however, 

is mosaic, resulting in eGFP expression in many cells not known to express kit, including skin 

and muscle.  As above, treating these fish with NCP for one day ablates eGFP expression in 

melanocytes.  In contrast, eGFP expression persists unperturbed in all skin and muscle clones of 

NCP treated fish (not shown). 

 

Brief exposure to neocuproine 

 As tyrp1:eGFP expression was extinguished after one day, we next wanted to see if the 

melanocytes were capable of recovering from this brief exposure to NCP.  We treated fish with 

NCP for one day, and then washed them into fresh water.  To our surprise, not only did 
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melanocytes progress as if they were still in drug, but the events were accelerated.  After 2 days 

of washout, they more closely resembled fish that had been in NCP continuously for 7 days 

(compare Fig. 2-3C to 2-1D and 2-1F). It is unclear why removal of NCP speeds progression of 

the melanocyte ablation,  but this may reveal a role for copper in the clearing of melanocyte 

detritus.  Nevertheless, this result reveals that adult melanocytes have committed to death within 

24 hours of NCP exposure. 

 

Independence of NCP-induced death from p53 

 We wanted to know if the observed melanocyte death went through classic apoptotic 

pathways or a different mode of cell death (i.e. non-classical apoptosis or necrosis).  As many of 

the ways to assess apoptosis (TUNEL staining, acridine orange staining, etc.) are difficult to 

perform in the melanocyte, as the melanin prevents label detection, we instead used fish with a 

homozygous mutation in p53 (Berghmans et al., 2005).  This mutant is defective for apoptosis 

(Berghmans et al., 2005). Wild type (WT) and p53 mutant fish were treated for 1 day with NCP.  

After 2 days following NCP washout, WT (Fig. 2-3A, C) and p53 mutants (Fig. 2-3B, D) are 

indistinguishable: both genotypes retain only scattered puncta of melanin (Fig. 2-3C, D).  This 

indicates that melanocyte ablation following NCP treatment is not via p53-mediated apoptosis. 

 

Melanin is not required for NCP-induced melanocyte ablation 

 We wondered whether melanin was a necessary component of the neocuproine mediated 

ablation, as xanthophores, a pigment cell lacking melanin, were unaffected by neocuproine.  We 

used the albino mutant, which has unpigmented melanocytes.  To test this notion, we crossed the 

tyrp1:eGFP transgene into albino stocks to allow us to observe melanocytes (Fig. 2-4A).  When  
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Figure 2-3.  Melanocyte	  loss	  in	  p53	  mutants.	  Fish	  were	  treated	  for	  1	  day	  in	  750	  nM	  NCP	  and	  

washed	  into	  fresh	  water	  for	  2	  days.	  WT	  (A,	  C)	  and	  p53	  mutants	  (B,	  D)	  are	  equally	  affected	  

by	  the	  NCP	  treatment.	  The	  melanocytes	  have	  already	  fragmented	  and	  begun	  to	  be	  cleared	  

(C,	  D).	  Scale	  bars	  in	  (A,	  B)	  are	  500 μm	  and	  in	  (C,	  D)	  are	  100 μm.
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we treated these fish with NCP we found that eGFP expression was largely gone by 24 hours 

(Fig. 2-4B), and completely absent from albino fish by 5 days of NCP treatment (Fig. 2-4C).  

This shows NCP does not require melanin or functional melanin synthesis to cause melanocyte 

ablation. 

 

Role of copper during neocuproine-induced melanocyte ablation 

 We next wanted to know what the effective concentration of neocuproine was for 

melanocyte ablation.  We discovered that concentrations greater than 1µM NCP were highly 

toxic to fish at seven days (Table 2-1), placing these doses outside of the effective range.  750nM 

NCP caused approximately 20% fish lethality, with negligible death at all lower concentrations 

of NCP (Table 2-1). 

To assess the effects of NCP on induced melanocyte ablation, we examined fish 7 days 

after treatment, putting fish into one of three categories based on the pigmentation: unaffected; 

half-affected; or completely affected.  Half-affected fish lose approximately one quarter to half 

of their melanocytes from the middle stripe.  Typically, depletion was strongest in the caudal half 

and proceeded rostral in completely affected fish.  At concentrations over 500nM, all fish are 

completely affected by 7 days of neocuproine treatment.  Similarly, at 300nM, most fish are also 

completely affected.  However, at 100nM the treated fish are distributed among the three 

categories.  At 30nM, a large majority of the fish is unaffected, with no effect seen at 10nM 

(Table 2-1).  Thus, we conclude that 500-1,000nM NCP produces the most effective dose for 

melanocyte ablation, although there is some fish lethality observed at the higher end of this 

range. 
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Figure	  2-‐4.	  	  Loss	  of	  tyrp1:eGFP	  from	  albino	  transgenics	  after	  treatment	  with	  750	  nM	  NCP.	  

(A)	  0	  day.	  (B)	  1	  day.	  Note	  that	  most	  of	  the	  eGFP	  signal	  is	  lost	  [compare	  with	  (A),	  but	  some	  

faint	  eGFP	  is	  evident].	  (C)	  5	  days.	  All	  the	  eGFP	  signal	  is	  lost.	  Arrowheads	  mark	  the	  

melanocyte/xanthophore	  stripe	  boundary.	  Scale	  bars	  are	  200 μm.
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 To test the role of copper during NCP-induced melanocyte ablation, we added 1µM of 

CuCl2 to fish treated with intermediate concentrations (100 or 300nM) of NCP.  At these 

concentrations of NCP, copper is in excess (approximately 20 or 7 fold excess Cu2+).  In each 

case, the excess copper suppressed the NCP-induced melanocyte death (Table 2-1), thus tending 

to suggest that NCP acts to ablate melanocytes by depleting the available copper.  We note, 

however, that exogenous copper did increase fish lethality at higher concentrations of 

neocuproine (Table 2-1), suggesting that in other cells in the fish NCP may exert its lethal effects 

by inappropriately mobilizing copper. 

 

Effects of other copper chelators 

 We asked whether other copper chelators could induce melanocyte ablation.  We tested 

bathocuproine sulfate (BCS), an analog of neocuproine, which unlike NCP is cell impermeable, 

and PTU, a widely used drug that inhibits melanization of melanocytes and shares little structural 

similarity to NCP.  Exposure of fish to these drugs (750nM BCS and 100µM PTU) caused no 

evidence of depigmentation or melanocyte ablation after 7 days in the drug. 

 In contrast, the copper chelator antabuse caused weak depigmentation (Fig. 2-5).  

Antabuse, like PTU, is structurally dissimilar to NCP.  Antabuse has been shown to prevent 

melanin synthesis in larval zebrafish (Mendelsohn et al., 2006).  After antabuse treatment (1µM), 

we found occasional fish (6/14) with gaps (Fig. 2-5B) in the stripe.  These gaps are smaller than 

the half-affected fish described in our dosage testing of NCP (above), and some contained 

lobular melanocytes (Fig. 2-5C) or melanocyte detritus (Fig. 2-5D).  Gaps and the presence of 

melanocyte detritus are typically never observed in untreated fish. 
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Table 2-1.  Concentration response to neocuproine (NCP) and suppression of NCP by exogenous 

copper. 
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Effective periods of drug exposure for melanocyte ablation 

 Now possessing drugs that have been shown to ablate melanocytes in larval (MoTP) and 

adult (neocuproine) stages we wanted to further define when each of these drugs was 

melanotoxic (summarized in Fig. 2-6).  We treated our transgenic line expressing tyrp1:eGFP 

with NCP or MoTP and scored them for melanocyte morphology (fragmentation, as above) and 

loss of eGFP fluorescence as metrics for melanotoxicity. 

 To confirm that neocuproine only prevented pigmentation in embryonic melanocytes, we 

treated embryos form the tyrp1:eGFP transgenic line for two days with MoTP, PTU, and 

neocuproine before the cells were melanized.  All three treatments resulted in unpigmented 

embryos, but PTU and NCP contained eGFP-positive, melanin-negative melanocytes, showing 

that for these copper chelators the melanocytes were not ablated.  In contrast, MoTP had no 

eGFP signal, consistent with the previous finding that MoTP kills melanoblasts as well as 

differentiated larval melanocytes (Yang and Johnson, 2006) (not shown). 

 We find that MoTP no longer affects melanocytes after 6-7 days post fertilization (dpf).  

This is consistent with our previous finding that MoTP requires conversion by tyrosinase into a 

cytotoxin, and that tyrosinase expression decreases after 5dpf (Yang and Johnson, 2006).  We 

find that MoTP ablates melanocytes once again at 15dpf (not shown), which is approximately the 

onset of metamorphosis when adult melanocytes begin to differentiate and thus should require 

high tyrosinase activity for pigmentation.  In adult fish (>6 months), MoTP shows no discernible 

effect on melanocytes, even at concentrations higher than the larval threshold or when applied 

for 7 days. 

 To explore the effect of NCP on melanocyte survival in larval zebrafish we used NCP at 

5µM.  This is the minimum dose required to block melanin synthesis in the embryo  
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Figure 2-5. Partial loss of melanocytes after antabuse treatment. (A) Vehicle treatment. (B) 10

µM antabuse. Note the large gap in the stripe that is typically not observed in untreated fish. (C) 

A close-up of the box in (B) showing lobular melanocytes (arrows) (D). A close-up of a similar 

gap to (B), except with melanocyte detritus (arrowheads). Scale bars in (A, B) are 500 µm and in 

(C, D) are 100 µm. 
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(Mendelsohn et al., 2006), and is 10-fold greater than what is necessary in the adult to ablate 

melanocytes.  However, even at this high concentration, we did not observe any morphological 

changes or loss of eGFP expression in the melanocytes exposed to NCP for any 2-day period 

between 3 and 15dpf.  Similarly, we observed no depigmentation when larval fish were treated 

with 750nM NCP for 7 days.  We first observed NCP-induced melanocyte ablation in fish once 

they had reached 5 weeks of age.  This suggests there is some physiological change in the adult 

that occurs as it matures that makes it susceptible to ablation by neocuproine. 

 

Neocuproine only ablates melanocytes in mature tissue 

 The observation that NCP only ablated melanocytes in older fish led us to ask whether 

this result reflected a global change in fish physiology resulting in NCP sensitivity.  

Alternatively, the change in sensitivity could reflect the age of the melanocyte or its immediately 

surrounding tissue.  We reasoned that the regeneration of melanocytes in regenerating fins would 

allow us to test between these models.  Accordingly, we amputated fins in the tyrp1:eGFP line 

and allowed them to regenerate for 7 days prior to treatment with NCP.  This allowed significant 

development of new melanocytes in the fin regenerate (Fig. 2-7A and B).  The regenerative and 

ontogenetic melanocytes both expressed eGFP (Fig. 2-7C).  After 1 day of NCP treatment, eGFP 

expression is lost in the older, ontogenetic melanocytes, but not in the younger, regenerative 

melanocytes (Fig. 2-7D).  This result rules out the model that global changes in the adult 

physiology confer NCP sensitivity.  Instead, this result tends to suggest that the melanocytes or 

the tissue surrounding it must mature to become sensitive to NCP. 
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Figure 2-6.  Timeline for effective melanocyte ablation. Fish were treated for 2-day periods with 

either 5 µM NCP or 10 µg/mL MoTP at 1, 3, 5, 7, 9, 11, 13, and 15 dpf and assessed for 

melanocyte ablation. Fish were treated for 7-day periods with 20 µg/mL MoTP at >180 dpf or 

750 nM NCP at 21, 28, 35 dpf, and >180 dpf. The effectiveness of the laser protocol represents a 

variety of experiments on larval (Yang et al., 2004) and adult (O'Reilly-Pol, unpublished data) 

fish. Effective periods for each method are designated by the bar under the timeline (black for 

MoTP, shaded for NCP, and open for laser). 
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DISCUSSION 

 

We first considered the model that NCP was revealing normal turnover of melanin or 

melanocytes in the adult.  This seems unlikely since we never see these lobular or fragmented 

melanin clusters that we observe in NCP-treated fish (Fig. 1D) in untreated fish.  Additionally, 

another drug that blocks melanin synthesis, PTU, has been often used in adult zebrafish without 

any suggestion of revealing melanocyte turnover (Rawls and Johnson, 2000; Rawls and Johnson, 

2001).  Also, we have kept fish in PTU for up to 5 weeks without affecting pigmented 

melanocytes (O’Reilly-Pol, unpublished data).  Thus, we tend to reject the model that NCP, by 

blocking melanin synthesis, reveals normal turnover of melanin or melanocyte death in adults.  

This led us to explore models of NCP inducing melanin turnover (Turnover Model) or 

melanocyte death (Death Model). 

 These two models of induced turnover of melanin and melanocytes make testable 

predictions about the depigmentation of fish. Under the Turnover Model, other cellular 

components should persist in the presence of NCP.  We would expect that a melanocyte 

expressing eGFP under the control of a melanocyte specific promoter, such as the tyrp1 or kit 

promoters used, would continue to express eGFP.  They do not (Fig. 2), as the Death Model 

predicts.  The continued eGFP expression in multiple cell types during NCP treatment shows 

specificity for NCP to quench eGFP in the melanocyte.  The use of two different promoters tends 

to rule out loss of eGFP expression from an interaction between NCP and the tyrp1 promoter.  In 

the amputation experiment, eGFP expression is preserved in the regenerative melanocytes, 

further establishing that NCP does not generally interact with eGFP or the tyrp1 promoter. The 

Turnover Model predicts melanocytes should gradually lose their pigmentation (fade) in the  



www.manaraa.com

 47 

 

Figure 2-7. NCP	  does	  not	  ablate	  newly	  regenerated	  melanocytes.	  (A)	  Fish	  fin	  carrying	  

transgenic	  tyrp1:eGFP	  8	  days	  postamputation	  (dpa)	  under	  white	  light.	  The	  dashed	  line	  

represents	  the	  amputation	  plane.	  (B)	  A	  fish	  fin	  carrying	  transgenic	  tyrp1:eGFP	  8	  dpa	  and	  1	  

day	  of	  NCP	  treatment	  under	  white	  light.	  The	  dashed	  line	  is	  the	  amputation	  plane.	  (C)	  The	  

same	  fin	  as	  in	  (A),	  under	  fluorescent	  light.	  Note	  GFP	  is	  on	  both	  sides	  of	  the	  amputation	  

plane	  in	  all	  melanocytes.	  (D)	  The	  same	  fin	  as	  (B),	  under	  fluorescent	  light.	  Most	  of	  the	  

melanocytes	  proximal	  (to	  the	  left)	  of	  the	  amputation	  plane	  have	  lost	  GFP	  expression	  

(arrowheads),	  although	  some	  retain	  GFP	  expression	  (arrow).	  All	  of	  the	  melanocytes	  distal	  

(to	  the	  right)	  of	  the	  amputation	  plane	  express	  GFP.
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presence of NCP while maintaining their overall size, shape, and identity.  In contrast, the Death 

Model predicts that as melanocytes die, they will fragment as previously described (Parichy et 

al., 1999; Sugimoto et al., 2000; Yang et al., 2004), which they do (Fig. 1C-F).  Weaker support 

comes from the loss of melanocyte sensitivity to epinephrine (Fig. 1G-1I) and commitment to 

depigmentation after brief exposure to NCP (Fig. 3).  Thus, we favor the Death Model.  It does 

remain formally possible that NCP is not inducing melanocyte death but instead exerts multiple 

effects by beginning a cascade with continuing effects that results in: depigmentation; loss of 

epinephrine sensitivity; and quenching of eGFP only in melanocytes. 

Once we established to our satisfaction that NCP caused melanocyte death, we wondered 

if this death was classic apoptosis.  We could not do this in many of the standard ways.  We have 

been unable to accurately determine melanocyte nuclei in whole mount fish fins or dissected 

skin.  Thus, we were prevented from gauging the presence of pycnotic or TUNEL stained nuclei 

to assess apoptosis.  However, we found identical NCP-induced melanocyte ablation in mutants 

homozygous for a p53 mutation, suggesting that whatever type of cell death was occurring , it 

was not p53-mediated apoptosis. 

We also explored the role of copper in NCP-induced melanocyte ablation. In the first 

model, NCP depletes copper from the cell, revealing essential melanocyte-specific copper-

dependent protein activity. In a second model, NCP may inappropriately mobilize copper in the 

cell causing damage from the redox activity of copper. A third model is an off-target, possibly 

copper-independent, effect of NCP.  These models can be partially distinguished by adding 

exogenous copper.  If the first model is correct, the addition of excess copper should suppress the 

effect.  This test was used in larval zebrafish to show that NCP affected melanin synthesis 

through copper chelation(Mendelsohn et al., 2006).  Alternatively, for the second model, adding 
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exogenous copper should worsen the phenotype.  This is the conclusion favored in studies of 

NCP in HepG2 cells(Tsang et al., 1996) and cultured rat cortical astrocytes(Chen  et al., 2008) 

where copper increases the toxicity of NCP.  The third model would probably be unaffected by 

copper.  However binding of copper may change the structure of NCP, and thus also the off-

target properties of NCP, so the exact effect cannot be predicted. 

Our results that copper suppresses the melanotoxic effects of NCP (Table 1) tend to argue 

against the second model that purports inappropriate copper mobilization.  As we find that a 

structurally dissimilar copper chelator, antabuse, is also melanotoxic in adults, we tend to argue 

against our third model for off-target effects.  Thus, we favor the first model (copper depletion) 

for NCP’s` mode of action, and that copper is required for the survival of adult melanocytes. 

  

Conclusion 

 We show that NCP, a copper chelator, ablates adult, but not larval, melanocytes.  This 

melanotoxicity reveals a specific role for copper in the continuing survival of melanocytes.  

Death of these melanocytes occurs in a manner that is independent of p53-mediated apoptosis, 

and does not require the presence of melanin.  Only mature adult melanocytes are affected.  This 

drug now provides a tool for ablating adult melanocytes and exploration of the role of 

melanocyte stem cells in the maintenance of the adult pattern. 
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Chapter 3 

 

Kit signaling is involved in the fate decision for the melanocyte stem cell 

in zebrafish embryos. 

 

Adapted from 

 

Thomas O’Reilly-Pol and Stephen L. Johnson (2012) 

Development (under review)
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ABSTRACT 

 Adult stem cells are crucial for growth, homeostasis, and repair of adult animals.  The 

melanocyte stem cell (MSC) and melanocyte regeneration is an attractive model for studying 

regulation of adult stem cells.  The process of melanocyte regeneration can be divided into 

establishment of the MSC, recruitment of the MSC to produce committed daughter cells, and the 

proliferation, differentiation, and survival of these daughter cells.  Reduction of kit signaling 

results in dose-dependent reduction of melanocytes during larval regeneration.  Here we use 

clonal analysis techniques to develop assays to distinguish roles for these processes during 

zebrafish larval melanocyte regeneration. We used these clonal assays to investigate which 

process is affected by the reduction in kit signaling.  We show that the regeneration defect in kit 

mutants is not due to defects in MSC recruitment or the proliferation, differentiation, or survival 

of the daughter cells, but is instead due to a defect in stem cell establishment.  Our analysis 

suggests that the kit MSC establishment defect results from the inappropriate differentiation of 

the MSC lineage. 
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INTRODUCTION 

 Adult stem cells play crucial roles in the growth, homeostasis, and regeneration of adult 

tissues.  Typically, adult stem cells replace themselves and produce daughters committed to 

differentiation.  Adult stem cells can broadly be classified into 2 categories: stem cells which are 

continuously dividing, such as the intestinal stem cell (Barker et al., 2007), and those which are 

largely quiescent but which can be recruited by injury or other physiological need to divide, such 

as muscle satellite cells (Schultz et al., 1978).  The melanocyte stem cell (MSC) falls into the 

second category of quiescent stem cells (Nishimura et al., 2002).  We have developed several 

methods to activate the MSC in zebrafish including, amputation of the fin in adult fish (Rawls 

and Johnson, 2000), laser ablation in larvae (Yang et al., 2004), genetic induction in the embryo 

(Hultman et al., 2009), and drug-induced melanocyte death followed by regeneration in the adult 

(Chapter 2) and larvae (Yang and Johnson, 2006).  Each of these procedures reveals one or more 

aspect of MSC regulation. 

 Regeneration output of stem cells can be conceptualized as the product of 1) the number 

of established stem cells, 2) the percentage of stem cells that are recruited to make differentiating 

daughters, and 3) the proliferation, differentiation, and survival of these daughter cells.  The 

receptor tyrosine kinase kit can play roles in one or more of these processes in many stem cell 

models including germ cells (Koshimizu et al., 1991; Manova and Bachvarova, 1991) (Sette et 

al., 2000), hematopoietic stem cells (Li and Johnson, 1994; Valent et al., 1992) (Ashman, 1999), 

and melanocyte stem cells (Mackenzie et al., 1997; Nishikawa et al., 1991) in mammals.  Unlike 

in germ cells and hematopoietic stem cells, in zebrafish one of the two kit orthologs, kita, 

hereafter referred to as kit, is only necessary for melanocytes (Parichy et al., 1999).  Melanocytes 

are easily dispensable without affecting viability of zebrafish embryos, easily quantifiable 
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without requiring additional staining or sacrificing of the animal, and readily ablated (causing 

regeneration) by both chemical (Yang and Johnson, 2006) and physical means (Yang et al., 

2004).  During regeneration, new melanocytes incorporate legacy markers such as BrdU, and 

larvae can be induced to regenerate multiple times (Yang and Johnson, 2006).  Together, these 

data support the notion of an MSC in the larvae that regulates the larval pigment pattern. 

 Kit is also required for multiples steps in melanocyte development.  We have previously 

isolated a temperature-sensitive mutation in kit, kitj1e99, hereafter referred to as kitts (Rawls and 

Johnson, 2001).  We have successfully used this mutation to demonstrate the temporal 

requirements for kit during adult melanocyte regeneration following fin amputation (Rawls and 

Johnson, 2001) and larval ontogenetic melanocyte migration and survival (Rawls and Johnson, 

2003).  In contrast to the temperature-sensitivity of melanocyte regeneration following fin 

amputation and larval melanocyte migration and survival, kitts is largely defective for 

regeneration even at permissive temperatures (Yang and Johnson, 2006).  This suggests that 

larval melanocyte regeneration has a higher requirement for kit activity than ontogenetic 

development or adult regeneration after fin amputation, thus a different technique is required to 

study the role of kit in larval melanocyte regeneration. 

 Clonal and mosaic analyses can be used fruitfully to study the development of tissues or 

regeneration of larval or adult tissues.  Recently, these methodologies have been used to show 

the contributions of specific tissue types during complex regeneration events (Gargioli and 

Slack, 2004; Kragl et al., 2009; Rinkevich et al., 2011; Tu and Johnson, 2011).  Additionally, 

they have been used to elucidate contributions of individual cells within a single tissue during 

growth, homeostasis, and regeneration (Gupta and Poss, 2012; Snippert et al., 2010; Tryon et al., 

2011).   
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We were interested in determining which of the broadly defined processes discussed 

above is affected by deficits in kit signaling during larval melanocyte regeneration.  We 

developed three assays using clonal analysis to distinguish roles for each of the broadly defined 

processes.  We show that kitnull/+ heterozygotes are defective for larval melanocyte regeneration, 

regenerating approximately 50% of the melanocytes as WT.  In this genotype, we observed no 

defects in MSC recruitment or in the proliferation, differentiation, or survival of committed 

daughter cells.  In contrast, our clonal analysis shows kitnull/+ only establish 54% of the MSCs as 

WT embryos.  Further dissection of this defect with additional clonal analysis suggests that the 

cells fated to become MSCs differentiate as melanocytes instead.  
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METHODS 

 

Fish stocks and husbandry 

 Fish were housed and reared following standard protocols (Westerfield, 2007).  All 

experiments were performed at 28.5°C except for those involving kitj1e99, which were performed 

at 25°C for which developmental times were adjusted according to Kimmel et al. (1995). 

 Alleles of kitb5 (Parichy et al., 1999) and kitj1e99 (Rawls and Johnson, 2001) have been 

previously described, and will be referred to as kitnull and kitts.  WT fish were either the inbred 

SJA line or melanophilina (mlpha; Sheets et al., 2007) mutants to facilitate melanocyte counting.  

mlpha mutants contain contracted melanosomes facilitating quantitative analysis, but have no 

other melanocyte defects.  All clonal analysis was performed in mlpha or mlpha; kitnull/+ 

embryos. 

 

Melanocyte Clone Generation 

 Melanocyte lineage clones labeled with fTyrp1>GFP were generated as previously 

described (Tu and Johnson, 2010).  Briefly, at the 1-2 cell stage embryos were injected with 5-10 

pg of a Tol2 plasmid bearing fTyrp1>GFP (Zou et al., 2006) and 5 pg of capped Tol2 

transposase mRNA (Kawakami et al., 2004). 

 To create clones used in Fig. 4, 1-2 cell stage embryos were co-injected with 5-10 pg 

fTyrp1>GFP transposon, 50 pg of a plasmid with a transposon containing the Xenopus EF1α 

promoter driving RFP expression (EF1α>RFP) (Tu and Johnson, 2010), and 5 pg of capped Tol2 

transposase mRNA. 
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Chemical ablation of melanocytes 

 As previously described (Yang and Johnson, 2006), embryos were treated with 4 ug/mL 

4-hydroxyanisole (4-HA, M18655, Sigma Aldrich) to ablate melanocytes either as they 

developed (1-3 days post fertilization (dpf)) or with a 24-48 hour treatment to ablate fully 

differentiated melanocytes.  

 

Analysis of clones 

 Embryos were screened for GFP or RFP clones under an epifluorescence 

stereomicroscope  (Nikon SMZ1500) after being anesthetized with tricaine (methanosulfonate).  

As we generally generated labeled embryos at rates between 10-40%, we used the Poisson 

distribution to account for the differential between the number of clones and the number of 

labeled animals caused by polyclonality in each injection.  We used two sample t-tests for 

comparing clone sizes (Figures 3-2 and 3-5), χ2 to compare stem cell recruitment (Figure 3-3), 

and Z-score to compare relative lineage numbers (Figure 3-4 and 3-5). 

 

Recruitment rate calculation 

 For the recruitment rate of MSCs (Figure 3-3), several models were considered.  The 

simplest model that fit the data was a stochastic model, i.e., that MSCs are chosen randomly and 

independently in each round.  Under this model, the recruitment rate is revealed by consecutive 

rounds of regeneration.  The percentage of first round clones that are also in the second round is 

the recruitment rate (alternatively, the percentage of second round clones that are also in the first 

round).  Under this model, the probability of not seeing a particular MSC is (1-[recruitment  
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Table 3-1.  Stochastic model predictions for various recruitment rates. 
Recruitment 

rate (%) 
Overlap of 2 
rounds (%)1 

Single round 
utilization (%)2 

Unobserved MSCs 
following 2 rounds (%) 

(rr) rr/(200-rr) 100/(200-rr) (1-rr)^2 
10.00 5.26 52.63 81.00 
25.00 14.29 57.14 56.25 
30.00 17.65 58.82 49.00 
40.00 25.00 62.50 36.00 
50.00 33.33 66.67 25.00 
60.00 42.86 71.43 16.00 
70.00 53.85 76.92 9.00 
75.00 60.00 80.00 6.25 
77.65 63.47 81.73 5.00 
80.00 66.67 83.33 4.00 
85.00 73.91 86.96 2.25 
90.00 81.82 90.91 1.00 
95.00 90.48 95.24 0.25 
99.00 98.02 99.01 0.01 

1The overlap between 2 rounds corresponds the dark red circle of Figure 3-3C, D. 
2The single round utilization corresponds to the dark red circle and the light red 
(or brown) circles in Figure 3-3C, D. 
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rate])2.  This model also makes predictions about the overlap between the two rounds of 

regeneration and the percentage of clones that appear in a given round (Table 3-1). 

 

MSC establishment calculation 

 For the relative normalized GFP clones (Figure 3-4), the number of GFP and RFP clones 

was calculated separately using the Poisson distribution to account for the differential of labeled 

animals and caused by polyclonality for each clutch.  The number of adjusted GFP clones was 

divided by the number of RFP clones to get a normalized GFP clone rate.  This normalized clone 

rate was then used to compare clutches injected in the same experiment to calculate a relative 

normalized GFP clone rate. 

 

Analysis of ontogeny and regeneration 

 When analyzing the ontogeny or regeneration of melanocytes in the entire animal, such 

as in Figure 3-1, 3-10 animals were counted along with WT controls and compared using 

Student’s t-test.  Melanocytes in the yolk stripe and over the swim bladder were ignored. 
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RESULTS AND DISCUSSION 

 

Dosage sensitivity of kit signaling for regeneration 

Since the kitts/ts mutant shows an increased requirement for kit signaling for larval 

melanocyte regeneration even at the permissive temperature, we explored the dosage sensitivity 

of other alleles of kit.  This increased requirement on kit signaling in the larval MSC is similar to 

the increased requirement of fetal hematopoietic stem cells (HSCs) compared to the requirement 

of adult HSC to kit signaling (Bowie et al., 2007).  We checked various other alleles of kit as 

heterozygotes and homozygotes and quantified their larval ontogenetic and regeneration 

phenotypes (Figure 3-1A).  We found genotypes that had normal or nearly normal ontogeny, but 

had mild to severe regeneration defects (Figure 3-1B).  We chose to focus on kitnull/+ as it had a 

regeneration defect easily distinguishable from wild type (54% of WT, Figure 3-1B), but still 

regenerated a significant number of melanocytes (>100/embryo).  These data confirm that larval 

melanocyte regeneration is dosage sensitive for kit signaling.  Interestingly, these results reveal a 

haploinsufficiency for kit in zebrafish consistent with the haploinsufficiency for kit in coat 

patterns of the mouse (Geissler et al., 1988).  

 

Clonal analysis 

 Melanocyte regeneration can be divided into 3 broad processes: proliferation, 

differentiation, and survival of committed daughter cells (Yang et al., 2007); recruitment of the 

MSC to initially divide and produce committed daughter cells; and establishment of the MSC 

(Budi et al., 2008; Hultman et al., 2009) (Figure 2A).  In order to determine which of these 

processes contributed to the kitnull/+ regeneration deficit we used clonal analysis.  To study each  
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Figure 3-1. Melanocyte regeneration is more sensitive to deficits in kit signaling than ontogeny. 

(A) Schema of the experiments.  Fish were reared until 3 dpf and scored for ontogenetic 

melanocytes (open arrowhead) or treated with 4-HA from 1-3 dpf and scored for regeneration 

melanocytes at 6 dpf (filled arrowhead).  (B) Comparison of kit mutant genotypes to WT.  3-10 

embryos were compared to WT controls for ontogenetic melanocytes (empty bars) and 

regeneration melanocytes (filled bars).  Experiments with kitj1e99 were performed at 25°C, and all 

others were performed at 28.5°C. Error bars indicate s.d.  * indicates p < 0.05  ** indicates p < 

0.001
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process we can generate clones by injecting embryos at the 1-2 cell stage with a transposon 

plasmid containing GFP driven by the Tyrp1 promoter from fugu (fTyrp1>GFP), which is 

specifically activated in the melanocyte lineage.  Using this protocol, we have shown that 

transposon integration occurs largely after the midblastula transition, centered on 6 hours post 

fertilization.  This generates melanocyte lineage clones, and we can infer the activity of the MSC 

and its daughters by analyzing the labeled melanocytes arising during regeneration.  Prior to 3 

dpf melanocytes arise directly without going through an MSC intermediate (Hultman et al., 

2009).  We ablate these ontogenetic melanocytes by treatment of embryos with the melanotoxic 

drug 4-HA from 1-3 dpf.  Following washout of 4-HA, melanocytes that regenerate come from 

MSCs, and those melanocytes that are labeled with GFP are daughters of a labeled MSC. 

 

Proliferation, differentiation, and survival of committed daughter cells are not affected by 

reduced kit signaling. 

 We first used clonal analysis to analyze the proliferation, differentiation, and survival of 

MSC daughter lineages by quantifying regeneration clone size (Figure 3-2A).  Following 

injection and melanocyte regeneration (Figure 3-2B), we counted labeled melanocytes in mosaic 

WT and kitnull/+ fish after 3 days of regeneration (Fig. 3-2C-D).  We then adjusted for potential 

polyclonality (see Methods).  We reasoned that if kit function affected the proliferation, 

differentiation, and/or survival of daughter cells, we would observe smaller clone sizes in the 

mutant.  Instead, we see that regeneration melanocyte clone size is the same for WT (2.9 ± 0.14 

melanocytes) and the heterozygous mutant (2.9 ± 0.2 melanocytes) (average ± s.e.m.; Figure 

2E).  This rules out the model that the reduced regeneration seen when kit function is reduced is 

due to defective proliferation, survival, or differentiation of MSC daughter cells. 
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Figure 3-2. MSC daughter cell proliferation, differentiation, and survival are unaffected in 

kitnull/+ embryos. (A) A general model of melanocyte regeneration.  A neural crest progenitor 

(square, NC) establishes a melanocyte stem cell (circle, MSC) which can be recruited to produce 

melanoblasts (triangle, MB) which will proliferate and differentiate into melanocytes (MC).  Box 

indicates process tested.  (B)  Schema of the experiment.  Embryos were injected at the 1-2 cell 

stage (arrow) with transposase and a transposon containing fTyrp1>GFP, treated with 4-HA from 

1-3 dpf to ablate ontogenetic melanocytes, and scored for regeneration melanocytes at day 6 

(arrowhead).  (C, D) Example of clones in WT (C) and kitnull/+ (D) embryos are shown.  

Melanocytes containing GFP are marked with arrowheads.  Some melanocytes lacking GFP are 

marked with arrows. (E) The average number of melanocytes per clone is the same for both 

genotypes in regeneration.  Reported n values are the number of fish with clones and n’ is the 

adjusted number of clones.  Error bars are s.e.m..
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Clonal analysis during double regeneration 

 Our ability to estimate the recruitment rate (Fig. 3-3A) of the MSC is hindered by our 

inability to observe the MSC directly.  We define MSC recruitment rate as the number of MSCs 

producing melanocytes divided by all available MSCs.  The numerator is the number of labeled 

clones.  The denominator requires that we estimate the number of available MSCs.  We reasoned 

that we would need to reveal all or nearly available labeled MSCs by regeneration.  For this, we 

employed clonal analysis using a double (sequential) regeneration assay to assess MSC 

recruitment rate (Fig. 3-3B). We assumed a model where MSCs were chosen to produce 

melanocytes stochastically, i.e., MSCs chosen in round 1 were equally likely to be chosen in 

round 2 (see Methods).  This model predicts that to observe >95% MSCs in 2 rounds of 

regeneration, the overlap between the 2 rounds needs to be > 63.5%  (Table 3-1).  

 First, we examined recruitment in WT mosaic larvae.  Of 244 WT embryos injected, 50 

contained GFP-labeled regeneration melanocyte clones in the first round.  We then challenged 

these fish to regenerate a second time and re-screened for GFP-labeled melanocytes. Three 

larvae failed to survive the assay and of the surviving fish that contained GFP-labeled clones 

after the first round of regeneration, 85% (40/47) regenerated a GFP-labeled clone after the 

second round of regeneration.  Of the 181 surviving fish that did not contain a GFP-labeled clone 

after the first round of regeneration, 9 regenerated GFP-labeled clones after the second round of 

regeneration.  Thus, we observed 59 total clones, with 50 (85%) revealed in the first round and 

49 (83%) revealed in the second round (Figure 3C).  As not all larvae containing clones survived 

the assay, the second round recruitment rate is slightly underestimated and the first round 

recruitment rate is slightly overestimated.  These stem cell recruitment rates predict very few, if 

any, available MSC lineages failed to contribute to one or the other round of regeneration.  These 

results also show that the MSC recruitment rate is 83-85%. 
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Figure 3-3. MSC recruitment is unaffected in kitnull/+ embryos.  As in Figure 2, (A) represents a 

general model for melanocyte regeneration.  Box indicates process tested.  (B) Schema of the 

experiment. Embryos were injected at the 1-2 cell stage (arrow) with transposase and a 

transposon containing fTyrp1>GFP, treated with 4-HA from 1-3 dpf, scored for regeneration 

melanocytes at day 6 (red shaded arrowhead), treated again with 4-HA from 6-7 dpf, and scored 

for regeneration again (brown shaded arrowhead).  (C,D) MSC recruitment rates for WT (C) and 

kitnull/+ (D).  The number of embryos (and percentage) containing a GFP clone in the first round 

only (light red), both rounds (dark red), and second round only (brown) are not significantly 

different between the genotypes (χ2 = 3.35, d.f. = 2, p > 0.1). (E) Recruitment rate is not different 

between WT and kitnull/+ embryos. 
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 The high degree of overlap (>70%) between the two rounds allow us to confidently 

believe that nearly all available MSCs contributed to the two subsequent rounds of regeneration.  

It was possible that if only a minority of MSCs were recruited in each round that we could not 

expect to see all MSCs across the two sequential rounds.  Having now determined a baseline 

MSC recruitment rate, further studies can analyze other characteristics of MSC recruitment, 

including the effects of drugs or environmental factors that effect MSC recruitment, or the roles 

of genes in recruitment rate (below). 

 We then looked at MSC recruitment in kitnull/+ mosaic larvae.  WT recruitment rates are 

approximately 80%, and the kitnull/+ larvae regenerate 53% of the melanocytes of WT.  If kit was 

involved in recruitment of MSCs, we would expect to see for each round of regeneration the 

recruitment rate drop to approximately 44% (53% of 83% is 44%). This would also be evident 

by a large decrease in the expected overlap between the 2 rounds (Table 3-1).  We injected 127 

kitnull/+ fish of which 22 contained melanocyte clones in the first round of regeneration. Of these 

fish, 77% (17/22) regenerated a GFP-labeled clone after the second round of regeneration.  Of 

the 89 surviving fish that were not GFP-labeled after the first round of regeneration, 1 

regenerated a GFP-labeled clone after the second round of regeneration. Thus, we observed 23 

total clones, with 22 (96%) recruited in the first round and 18 (78%) recruited in the second 

round (Figure 3D).  Thus, the recruitment rate for kitnull/+ is 78-96%.  These recruitment rates are 

not significantly different from those observed in WT (χ2 = 3.35, d.f. = 2, p>0.1), and fail to 

account for the 46% reduction of regeneration melanocytes seen in kitnull/+ fish.  Thus, we 

conclude that kit causes no deficit in recruitment of the MSC. 

Some ambiguity is possible in this analysis.  If the daughter cells of the MSC died before 

they had a chance to divide, by our assay this would appear as a defect in recruitment, rather than 
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proliferation, differentiation or survival.  In this case, where kitnull/+ shows no defect in either 

MSC recruitment or proliferation, differentiation, or survival of the daughter cells, we can 

confidently conclude that neither process is affected. 

 Although the adult stem cell in some systems, such as the intestinal stem cell (Barker et 

al., 2007), is constitutively active, the MSC is usually quiescent (Hultman and Johnson, 2010; 

Nishimura et al., 2002).  Although quiescent stem cells can be put through multiple injurious 

events to cause multiple rounds of regeneration, observing the individual rounds often requires 

the sacrifice of the animal or other laborious means to score.  This has left open the question of 

how many stem cells contribute to a single regenerative event.  A thorough understanding of this 

question may be important to tune endogenous adult stem cells that are artificially activated.  We 

find that most, approximately 80%, but not all MSCs respond during any given regenerative 

event.  As far as we are aware, this is the first quantitative analysis of quiescent stem cell 

activation. 

 

MSC establishment is reduced in kit mutants 

 Having excluded roles for MSC recruitment and daughter cell proliferation, 

differentiation, and survival, we lastly tested the model that kit mutants reduce the establishment 

of the MSC (Figure 4A).  This model predicts that there will be fewer lineages used to produce 

the MSCs in the kitnull/+ embryos.  This model would be easy to test if we could visualize and 

quantify the MSC directly.  Being unable to visualize the MSC directly, we reasoned that we 

could detect a deficit in MSCs by comparing the rates of labeling regeneration melanocytes in kit 

heterozygotes and WT embryos.  In 3 independent sets of injections, we found the proportion of 
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kitnull/+-to-WT GFP-labeled larvae was 0.40, 0.63, and 0.69  (0.57 ± 0.15).  These results support 

that kit signaling affects MSC establishment. 

Directly using the rate of GFP-labeled regeneration melanocyte clones ignores alternative 

explanations.  One is the experiment-to-experiment variability in labeling efficiency, which our 

experience suggests is as much as two-fold (not shown).  Additionally, there remains the 

possibility that the kitnull/+ stocks have an independent deficit in transposon integration.  To 

control for these possibilities, we co-injected RFP driven by the constitutive promoter ef1α 

(Figure 3-4B).  This promoter is expressed in all cell types, thus every integration event will be 

observed.  We were then able to normalize the number of GFP clones with the number of RFP 

labeled embryos.  We performed this experiment three times, and found the normalized 

proportion of kitnull/+ to WT GFP clones was 0.58, 0.37, and 0.68 (0.54 ± 0.16, p < 0.01; Figure 

3-4C).  The MSC establishment deficit is the same as that seen for the kitnull/+ melanocyte 

regeneration defect, suggesting it explains all of the regeneration defect.  Therefore, we conclude 

that kit functions in larval melanocyte regeneration to establish the MSC, but that kitnull/+ does 

not affect recruitment or proliferation, differentiation, or survival of the daughters of the MSC. 

 The finding that kit signaling is important for MSC establishment was unexpected.  

Although kit has been shown to be important for stem cell establishment in other systems 

(Manova and Bachvarova, 1991), we had previously shown that kit signaling was not involved in 

the establishment of a different MSC population used in adult fin regeneration, but is involved in 

the recruitment and/or proliferation, differentiation, or survival of the daughter cells.  This was 

demonstrated by rearing kitts/ts at the restrictive temperature from larval stages, downshifting only 

after fin amputation.  These fish regenerated normally, whereas reciprocal shifts failed to 

regenerate normally. (Rawls and Johnson, 2001).  We did not find any evidence in our clonal  
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Figure 3-4.  MSC establishment is reduced in kitnull/+ embryos. As in Figure 2, (A) represents a 

general model for melanocyte regeneration.  Box indicates process tested. (B) Schema of the 

experiment. Embryos were injected at the 1-2 cell stage (arrow) with transposase, a transposon 

containing ef1α>RFP, and a transposon containing fTyrp1>GFP, treated with 4-HA from 1-3 

dpf, scored for RFP at 5 dpf (red arrowhead), and scored for GFP at 6 dpf (green arrowhead).  

(C) Bar graph showing the relative normalized clone rate (see Methods).  The first bar shows a 

comparison of 2 sets of injections in WT embryos, with the line showing the deviation from 

expected (1.0).  Bars 2-4 show independent experiments comparing the normalized integration 

rates of kitnull/+ and WT.   Bar 5 shows the average and s.d. (0.54 ± 0.16) of bars 2-4.  This 

relative normalized rate of 0.54 is identical to the residual melanocyte deficit in kitnull/+ embryos.  

* indicates p < 0.01.
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analyses suggesting a role for kit in larval MSC recruitment or daughter cell proliferation, 

survival, or differentiation.  Thus, kit performs different functions in each of the different 

melanocyte lineages that require kit.  This emphasizes the folly of pigeonholing a gene’s function 

from only one of its requirements in the organism. 

 We used these clonal analyses to show a role for kit in MSC establishment.  We note that 

our analysis here is limited to the dosage sensitive, or haploinsufficient roles for kit in 

melanocyte regeneration.  These assays clearly show the role of kit in establishing the MSC, but 

we cannot use them to exclude an effect of complete lose of kit signaling on MSC recruitment or 

daughter cell proliferation, differentiation or survival.   

 

The role of kit signaling in MSC fate determination 

Having shown that kit is required for MSC establishment, we next asked what mechanism 

was perturbed.  We have previously shown that all lineages that contain an MSC likely come 

from a neural crest precursor that will also produce an ontogenetic melanocyte lineage (Figure 3-

5A; Tryon et al., 2011).  Based on this model, we could imagine three possible ways to disrupt 

MSC establishment: (1) death of the neural crest precursor (Figure 3-5B), (2) death of the MSC 

(Figure 3-5C), or (3) differentiation of the cell normally fated to become the MSC (Figure 5D).  

Each of these models makes a different prediction of the number of ontogenetic melanocyte 

lineages and ontogenetic melanocyte clone size (Figure 3-5B-D), explained in more detail below. 

 The MSC lineage and the directly developing ontogenetic lineage segregate at 

approximately the same time as the occurrence of transposon integration.  This means that 

integration events can happen before the fate segregation, generating both lineages (bipotential 

labelings), or after fate segregation, labeling only a single lineage.  We had shown previously 
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that approximately 60% of clones were bipotential, and the remainder generated only 

ontogenetic melanocytes or regeneration melanocytes (Tryon et al., 2011). Under Model 1 (Fig. 

3-5B), where some neural crest progenitors are killed in the mutants, we would expect to find 

similar ratios of clone classes in WT and mutant embryos.  In contrast, Models 2 (Fig. 3-5C) and 

3 (Fig. 3-5D) predict fewer bipotential and regeneration-only clones. We followed the 

established methods of Tryon et al. (2011) to test whether there were differences in the ratios of 

clone classes produced by kitnull/+.   We found a significantly reduced rate of larvae containing 

bipotential clones  of the clones that contained an ontogeny clone in the mutant (WT – 19/44, 

kitnull/+ - 12/71, p<0.005, Fig 5E).  This result rules out Model 1, but is consistent with Models 2 

and 3. 

 To distinguish between the remaining models, we again turned to clonal analysis. As the 

kitnull/+ mutant has nearly the same number of ontogenetic melanocytes as WT (266 ± 20 

melanocytes for WT, 249 ± 22 melanocytes for kitnull/+, p > 0.1; Fig. 5F)., we reasoned that a 

change in the number of ontogenetic lineages should be reflected by a change in the number of 

ontogenetic melanocytes per lineage (clone size).  Under Model 2, the death of the MSC should 

leave the ontogenetic clone size unaffected, as the number of ontogenetic lineages is unchanged 

(Figure 3-5C).  Under Model 3, direct differentiation of the presumptive MSC precursor into 

melanocyte(s) should lead to a decrease in average ontogenetic clone size as the number of 

ontogenetic lineages has increased (Figure 3-5D), with no corresponding change in the total 

number of differentiated melanocytes (Figure 3-5F).   

We injected fTyrp1>GFP at the 1-2 cell stage and screened for ontogenetic clones at 3 

dpf.  The clone size for WT embryos, 3.7 ± 0.3 melanocytes, is significantly larger than the clone 

size in kitnull/+ embryos, 3.0 ± 0.2 melanocytes (average ± s.e.m., p<0.05, Figure 3-5G).  This  
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Figure 3-5.  Reduction of kit signaling leads to an increase in ontogenetic melanocyte lineages.  
(A) A neural crest progenitor cell (square) produces an MSC (circle) and a melanoblast (triangle) 
followed by melanocyte differentiation.  Roman numerals indicate clone classes caused by 
varying times of transposon integration.  (B-D) Possible models explaining the effect of kit 
deficit on MSC establishment.  Models include the predicted effect of kit deficit for each model 
on Class I clone percentage and ontogenetic melanocyte clone size.  Cell death in (B,C) is 
represented by “X,” and fainted pathways indicate consequence of cell death.  Green shaded box 
in (D) indicates inappropriate differentiation of MSC (E) Effect of kitnull/+ on generation of 
different clone classes.  Shown is data from Tryon et al. (first column; 2011), WT data from this 
study (second column), and kitnull/+ (third column).  The percentage of each clone class is shown, 
as well as the unadjusted number of clones in parentheses.  WT data from this study is not 
significantly different from that generated by Tryon et al. (χ2 = 4.9, d.f. = 2, p > 0.05).   Clone 
class distribution in kitnull/+ is significantly different (χ2 = 59, d.f. = 2, p < 0.001).  The difference 
is due to a reduction in ontogeny and regeneration clones co-occurring (Class I) (Z-score = 3.1, 
p<0.005) (F)  The number of ontogenetic melanocytes is not significantly different between WT 
and kitnull/+. (G) The average number of ontogenetic clones is smaller for kitnull/+ than in WT, 
indicating an increase in the number of lineages of ontogenetic melanocytes.  Bars 2 and 3 are 
predictions if 100% of integrations were class I and II, respectively.  Both integration events are 
possible (see text).  Error bars are s.e.m. Reported n value is the number of fish with clones, and 
n’ is the number of adjusted clones. 
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result is inconsistent with Model 2, but consistent with Model 3.  Therefore, we conclude that 

cells normally fated as MSCs instead differentiate into ontogenetic melanocyte lineages when kit 

signaling is reduced.   

It remains unclear when this inappropriate differentiation of cells normally fated to 

become MSCs take place.  Signaling from kit could be required as early as the segregation of the 

MSC lineage from the directly developing ontogenetic lineage (~6 hours post fertilization).  

However, we first observe kit expression in neural crest cells between 14-18 hours (Parichy et al, 

1999), suggesting a role for kit in migration of the presumptive MSC from the neural crest, or in 

taking up its position in a yet to be identified niche.  Our data now sets the stage for addressing 

this question.  

 

Conclusion 

We took advantage of the dosage-sensitivity of melanocyte regeneration for kit function 

to explore the role of kit signaling in MSC regulation.  We developed clonal analysis methods 

that allowed us to show that the melanocyte regeneration deficit observed in kitnull/+ is a defect in 

establishing the MSC, rather than recruiting the MSC to generate new melanocytes, or in the 

proliferation, differentiation, or survival of the MSC daughters.   Clonal analysis also suggests 

that lacking sufficient kit signaling, cells destined to become MSCs instead directly differentiate 

as melanocytes.   Clonal analysis methods developed in this chapter can be used to study other 

defects in larval melanocyte regeneration, or regulation of other adult stem cells.  
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Chapter 4 

 

A quantitative estimate of spermatagonia in mutagenized zebrafish 

males. 
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INTRODUCTION 

 

 Efficient induction of point mutants is a critical first step in genetic analysis.  In 

zebrafish, treatment of adult males with ENU has been the principal method of choice for 

performing mutant screens.  The advantages of performing mutagenesis on adult males are 

several: robust protocols exist; they can be bred naturally or via in vitro fertilization, producing 

100s of embryos in a single cross; and each male can be reused to produce thousands of 

mutagenized genomes over their life time. 

 Despite this common usage of adult male ENU mutagenesis, it remains unclear how 

many spermatagonia per male are targets of the mutagenesis and contribute mutagenized 

gametes.  This number will provide guidance on how many mutagenized gametes can be 

sampled from each mutagenized male with a reasonable assurance that each isolated mutation is 

independent.  For instance, if one could mutagenize an infinite number of males, and sample a 

single gamete from each, there would be no risk of non-independent mutations.  Although this is 

close to the practice in C. elegans screens (Jorgensen and Mango, 2002), this is rarely practical 

in zebrafish for several reasons: mutagenizing a large number of males is difficult; males often 

comprise less than half of any stock; and, inevitably, some fish die during the mutagenesis.  As a 

consequence, many gametes are used from each mutagenized male (Driever et al., 1996; Haffter 

et al., 1996; Mullins et al., 1994; Rawls et al., 2003; Rawls and Johnson, 2001; Yang et al., 

2007).  This is not a problem if there are many spermatagonia.  If the number of spermatagonia is 

finite (<1,000), than the probability of redundant sampling becomes significant in many 

applications.  

 In this chapter, we establish a lower bound on the number of spermatagonia in 
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mutagenized males.  We performed mutagenesis on a group of males and screened them for 

mutations at 2 loci, albino and kit.  We showed that the mutation rates for mutagenized males 

harboring mutations do not have a significantly higher mutant load than a mutagenized male 

chosen randomly.  We then used some conservative assumptions to estimate the lower bound of 

spermatagonia per mutagenized male is approximately 450 (95% CI 335-652) spermatagonia per 

mutagenized male. 
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METHODS 

 

Fish stocks and maintenance 

 Fish stocks were maintained and reared according to standard protocols.  Adult inbred 

sjD males (Rawls et al., 2003) were used for mutagenesis (below) and then crossed to albinob4  

(Streisinger et al., 1986) to test for albino non-complementation and/or kitb5 (Streisinger et al., 

1986), kitj1e99 (Rawls and Johnson, 2001), and/or kitj1e78 (Rawls and Johnson, 2003) to test for kit 

non-complementation.  

 

Mutagenesis 

 ENU mutagenesis was performed as previously described (Mullins et al., 1994; Solnica-

Krezel et al., 1994).  A 1.0 g isopack of ethylnitrosourea (ENU, Sigma, N3385) was dissolved 

into 60 mLs of a 0.1 mM phosphate, 0.05mM citrate, and 10% ethanol ph5 solution.  12.5 mls 

was added to 550 mls system water with 0.1 mM phosphate, ph 6.5 and 0.01mg/ml tricaine to 

make a 3 mM ENU solution.  The mutagen solution was held at 21- 22oC.  20 young (~ 3 

months) SJD males were transferred from a similar volume of 0.01 mg/ml tricaine to the 

mutagen solution.  Fish were transferred using  mesh-bottomed breeding cages and mutagenesis 

was performed in dark, to further minimize stress during and after mutagenesis.  After 1 hour in 

mutagen, fish were transferred to a fresh volume of system water with 0.05 mM phosphate (no 

tricaine) and allowed to recover for 2 hours, then transferred to clean system water and left in the 

dark overnight.  The next day, fish were washed through a further 2 volumes of system water, 

then returned to their aquaria for normal husbandry.   This protocol was repeated weekly for a 

total of 5 treatments.  2-3 weeks after the last treatment, sperm was harvested and discarded, and 
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after a further 2-3 weeks, mutagenized males were bred to albino and sparse testers to assess 

mutation rates.  

 

Statistics 

 To estimate the number of spermatagonia per male, we assumed that there was random 

sampling from a finite number of spermatagonia per mutagenized male.  We assumed only a 

single locus would be responsible for non-complementation and that only a single albino, or, 

similarly for kit, mutation was induced in the germline of each mutagenized male. (Increasing the 

number of mutations per mutagenized male increases the number of spermatagonia per 

mutagenized male, but this assumption establishes a lowest bound.)  We then employed the 

binomial probability mass function to produce an estimate and the binomial cumulative 

distribution function to produce the confidence intervals. 

 To estimate the number of genomes screened, we utilized a Poisson distribution to  

€ 

P(X = k) =
λke−λ

k!
 

estimate how many genomes remained unscreened.  We set lambda equal to (genomes 

screened)/(2*spermatagonia per male [as determined above]) and k = 0, to get the percentage of 

unscreened genomes (which is also the probability that the next genome screened is a heretofore 

unscreened genome).  We multiplied that number by twice the number of spermatagonia per 

male to get the number of unscreened gametes, and subtracted that number from twice the 

number of spermatagonia per male to get the number of screened gametes. 
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RESULTS 

 

 To provide some bounds on the effective number of mutagenized spermatagonia per 

male, we subjected adult wt males to standard ENU mutagenesis protocols (see methods).  First, 

3 month old SJD males were squeezed to identify males that were producing sperm (>90% of 

males produced sperm), and 80 of these were subjected to 5 weekly rounds of exposure to 3 mM 

ENU (see methods).  Mutagenesis was terminated after 5 rounds because fish were looking 

stressed and some males were dying during the intervening weekly recovery periods.   Following 

the last ENU treatment fish were then allowed 2-3 weeks to recover from the mutagenesis, with a 

single squeezing to help clear gametes that were post-meiotic at the time of mutagenesis.  We 

then used in vitro fertilization procedures to cross each of 36 surviving males to albino or kit 

testers. Consistent with the notion that all sperm at this time were derived from spermatagonia 

rather than post-meiotic sperm, we found no mosaic albino expression in the pigmented retinal 

epithelium (Chakrabati et al., 1983).  The results of our initial assay for mutation rate are shown 

in Table 1.  These experiments revealed an average rate of 0.00101 albino and 0.00096 kit 

mutations per gamete.  These rates are consistent with mutagenesis rates reported in other studies 

as well as from this lab (Rawls and Johnson, 2001), except typically we expect to find a higher 

mutation rate at kit than at albino.  

 The number of spermatagonia can not be accurately calculated directly from the 

population mutation rate because the mutation rate of the population is dependent on the number 

of spermatagonia per mutagenized male and the mutation load of each male.  A very small 

number of spermatagonia per mutagenized male will lead to few males having mutations, but 

those males producing mutant offspring very frequently.  A variable mutation load may lead to 
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males harboring a mutation at one locus being much more likely to harbor mutations at other 

loci.  Rescreening individual males harboring mutations and comparing the individual rates to 

the population rates can control for these variables. 

 One variable affecting the mutation rate is the mutation load that each male bears. If a 

variable mutation load was an issue, than mutagenized males found to harbor a mutation at one 

locus would be expected to show a higher incidence of mutation at other loci.  It would also 

imply that the mutations generated were more likely to spontaneous than directed (Luria and 

Delbrück, 1943).  There was not enough overlap in the initial screen (12 males harbored at least 

one mutation) to provide enough power to answer this question.  To address this, we rescreened 

males that had produced kit embryos for mutations at the albino locus.  We did not include the 2 

males that produced both alb- and kit- embryos in the initial screen.  We found 0.0013 (5/1787) 

mutations per gamete at the albino locus in these males that had previously been shown to have a 

mutation at the kit locus, but not at the albino locus (Table 1).  This is not significantly different 

(Z-score = 1.9, p>0.05) than the population average.  Additionally, we did the inverse set of 

crosses and rescreened the males that had produced albino embryos for mutations at the kit locus.  

We found 0.00051 (2/3741) mutations per gamete at the kit locus in these males that had 

previously been shown to have a mutation at the albino locus but not at the kit locus (Table 1).  

This is not significantly different (Z-score = 0.78, p>0.1) than the population average.  This 

demonstrates that the males that had one germline mutation on the initial screen are not bearing a 

significantly higher mutation load than the male pool at large. 

 Another variable affecting mutation rate is the size of the germline.  If males have only 

50 spermatagonia per male, we would expect to see an approximately 10 fold increase in 

mutations/gamete over the initial screen.  Alternatively, if males have extremely large germlines,  
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Table 4-1. Estimation of SSCs from mutation rate 

SSC = Spermatagonial Stem Cell 
1 These numbers are for the rescreen only.  They do not include the original screen. 
2 These numbers do not include 2 males that were positive for both loci in the initial screen. 

Population 
tested 

Locus 
tested 

No. 
males 

Mutant 
embryos 

Screened 
embryos 

Mutations 
per gamete 

Estimated SSCs 
(95% CI) 

General kit 22 7 7326 9.6x10-4 523 (254-1060) 
General alb 26 9 8875 1.01x10-3 493 (260-925) 

kit harborers1 kit 5 6 3843 1.6x10-3 320 (147-680) 
kit harborers1,2 alb 3 5 1787 2.8x10-3 179 (77-405) 
alb harborers1,2 kit 4 2 3741 5.1x10-4 935 (259-3023) 
alb harborers 1 alb 6 1 3526 2.8x10-4 1763 (317-7275) 

Total kit 26 15 14910 1.0x10-3 497 (304-815) 
Total alb 29 15 14188 1.06x10-3 473 (287-775) 
Total kit + 

alb 
36 30 29098 1.03x10-3 485 (340-691) 
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we might not see any replication from the original screen. To explore the number of 

spermatagonia in mutagenized males, we rescreened the males that produced kit and albino 

offspring to see if the number of spermatagonia per mutagenized male was significantly different 

than the population at large. At the kit locus, we rescreened the 5 males that produced mutant 

offspring in the initial screen.  In the rescreen, 3 of the 5 males gave at least 1 additional mutant 

embryo when screened (>500 embryos tested/male).  The mutation rate for the rescreen was 

0.0016 (6/3843) kit mutations per gamete, which is not significantly different from the 

population at large (Z-score = 0.892, p >0.1).  We also rescreened the 6 males that produced 

albino offspring in the initial screen.  In the rescreen, 1 of these males produced an additional 

mutant embryo (>500 embryos/male).  The mutation rate for the rescreen was 0.00028 (1/3526), 

which is not significantly different than the population at large (Z-score = 1.29, p>0.1) (Table 1).  

Therefore, it does not seem to be the case that mutagenized males have a small number of 

spermatagonia. 

 We used these mutation rates to produce an estimate of the number of spermatagonia per 

male.  As none of the subsets of data appeared statistically different from each other, we 

combined all the groups.  We assumed that each germline contained one mutation and that 

spermatagonia were finite and chosen at random.  We estimate there are approximately 485 

spermatagonia per mutagenized male (95% CI 340-691) (Table 1).  Retesting males also allowed 

us to look at the mutation rates for individual males.  If we assume that most or all of the males 

harbor only a single mutation in their germline, then sufficient resampling should produce a 

mutation rate in line with the number of genomes in the germline.  Most of the mutagenized 

males showed a mutation rate of approximately 0.001 (9/14 were between 0.0005 and 0.002, 

Figure 1), consistent with approximately 500 spermatagonia. 
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Figure 4-1.  Mutational rates for individual mutagenized males at two loci.  Most mutation rates 

(8/14) are close to the predicted mutation rate for 485 spermatagonial stem cells (0.0010).  Males 

are numbered individually for each locus, and may not have been screened at both loci.  The total 

number of males tested is 36. 
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DISCUSSION 

 

 In order to make efficient use of mutagenized zebrafish males, we first need an 

estimation of the number of spermatagonial stem cells (spermatagonia per male).  We screened 

for non-complementation of 2 loci from mutagenized males, and found 30 mutants in 29,098 

embryos.  We showed that germline size was similar in all males, as was the mutation load.  We 

then used these numbers to estimate 485 spermatagonia per mutagenized male. 

 Our estimate is a lower bound and comes with several caveats.  The mutagenesis process 

may kill spermatagonia, giving fewer mutagenized spermatagonia than spermatagonia that were 

originally present (although this is immaterial for understanding the number of mutagenized 

spermatagonia).  We assumed each male harbored a single mutation per locus.  The fish we were 

using is that the fish were young (only 2-3 months old).  Fish continue to grow isometrically as 

they age (Goldsmith et al., 2006; Iovine and Johnson, 2000), so it is reasonable to presume the 

germline may also add stem cells.  The inbred sJD line used tends to have smaller males than 

other lines, and thus may have a smaller germline than other lines. 

 Superficially, our estimate seems reasonable.  We have often found mutation rates of 

approximately 0.001, which would suggest approximately 500 spermatagonia.  Additionally, 

mice have approximately 35,000 spermatagonia per male (Tegelenbosch and de Rooij, 1993), 

which is approximately 1,300 spermatagonia/g body weight.  Our estimate leads to 

approximately 1,600 spermatagonia/g body weight. 

 Our estimate may appear to depend on the efficacy of the mutagenesis performed on the 

males screened.  Indeed, if the only measure was the rate of the population at large, then this  
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Figure 4-2.  Number of independent genomes screened as a function of gametes screened.  The 

graph depicts the number of independent genomes screened from a single mutagenized male 

compared to the number of gametes screened by that male.  The numbers of germ cells chosen 

for depiction are the average and 95% confidence intervals (see text).
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would undeniably be the case.  Rescreening the males that initially harbored mutations, however, 

controls for this.  Ideally, we would have screened 5,000-10,000 gametes per mutagenized male, 

rather than the ~1,000 actually preformed.  This would give us a more accurate estimate of the 

mutation rate in these males, and coupled with the assumption of one mutation per mutagenized 

germline would reveal the size of the germline.  Since the unbiased screen and the selected 

rescreen gave the same mutation rate, we feel confident that our estimate is not heavily 

dependent on the efficacy of the mutagenesis. 

 While we obviously can't describe a one-size-fits-all mutant screen, we can use these new 

estimates to determine important factors for when to stop sampling from individual males, such 

as how many of the gametes already screened are likely to be independent (Figure 4-2) and the 

percentage of gametes left that are unsampled (Figure 4-3). For instance, if you need 300 

independent genomes from each male, you will need to screen 340-400 genomes from each 

male.  If you want to stop when you reach a 20% redundant sampling rate (a 20% chance that the 

next genome has already been seen), then you should screen only 150-300 genomes from each 

male.   

 We can also use these estimates to assess the likely number of genomes screened in large 

screens.  Haffter et al. performed a large F3 screen (Haffter et al., 1996).  A typical F3 screen to 

reveal heterozygous mutations is more severely limited by the number of families that can be 

generated, and might typically screen from 500 to 4000 mutagenized gametes.  Haffter et al. 

estimated that they had screened 3857 independent mutagenized genomes, achieved this by 

generating 49 mutagenized males, and limiting their sampling to an average of sampling 

approximately 126 gametes per mutagenized male.  We would estimate that they had 4.4-8.7% 

redundant sampling, leaving 3520-3686 independent gametes. 
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Figure 4-3.  The probability of the next genome being novel as a function of gametes screened.  

The graph depicts the probability that the next genome screened from a mutagenized male is a 

new genome from that mutagenized male compared to the number of gametes screened from that 

mutagenized male.  This is the same as the percentage of gametes not seen in a mutagenized 

male with the number of gametes screened.  The number of germ cells depicted is the average 

and 95% confidence interval (see text).
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 Rawls and Johnson took the approach that there were a very large number of 

spermatagonia in their non-complementation screen (Rawls and Johnson, 2001).  They screened 

83,000 gametes from 45 males (>1,800 gametes/male).  We would estimate that of the genomes 

sampled 45-65% were redundant, leaving only 28,600-45,900 independent gametes.  This screen 

yielded 247 non-complementing mutants, some of which can reasonably expected to not be 

independent.  Only 10 were sequenced (Rawls and Johnson, 2001) (and 3/17 in a very specific 

class (Rawls and Johnson, 2003)) and did not yield any duplicate mutations.  However, this 

sample is too small to be conclusive. 

 Another issue that we did not address is the possibility of germline replacement.  That is, 

a pool of spermatagonia produces the sperm that was utilized during our screen, and another, 

perhaps small, pool of spermatagonia was left in reserve to replace the “active” spermatagonia.  

If this were true, breeding the same male over the course of weeks or months may result in 

different mutation rates. 
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CONCLUSIONS 

 

In this thesis, I developed several tools to help dissect melanocyte stem cell 

(MSC) functions, and solve some of questions in the field.  In Chapter 2, I developed a 

drug, neocuproine, that can ablate melanocytes specifically and only in the adult.  

Previously, adult melanocyte regeneration could only be accomplished through fin 

amputation, which led to a complex regeneration event.  In Chapter 3, I developed a 

series of assays that quantitatively can detect perturbations in MSC establishment, MSC 

recruitment, and/or the proliferation, differentiation, and survival of MSC daughter cells.  

Using these assays, I was able to discover that kit signaling was essential in MSC 

establishment, specifically for preventing the presumptive MSC from differentiating and 

contributing to the ontogenetic pigment pattern.  Additionally, these assays solved an 

important question for regenerative medicine: how many endogenous stem cells are 

activated during a regenerative event?  As far as I can tell, this is the first time this 

question has been answered for a normally quiescent stem cell (hematopoietic stem cells 

can change their proliferative profile, but at least some are active at all times).  The future 

of regenerative medicine may involve activation of endogenous stem cells.  

Understanding the proper amount of stem cells to activate is crucial to that goal. 

These tools now allow for new types of questions to be answered.  One important 

question is how does the adult regulate its pigment pattern?  The drug neocuproine can 

now ablate melanocytes specifically and only in the adult.  While regeneration studies in 

the larva are constrained temporally by metamorphosis, adult regeneration studies can be 

done multiple times.  Multiple regenerative events can address whether or not the MSC 
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has a limited regenerative capacity.  The adult also has a richer pigment pattern diversity 

than the larva.  While many pigment pattern mutants that affect only the adult pattern 

(e.g., rose, leopard, jaguar, etc.), the mechanisms affecting the MSC to produce these 

patterns are poorly understood.  Challenging these mutants to regenerate as adults can 

determine if the difference in the pigment pattern of these adults is a reflection in a 

change in the underlying MSCs, .  Mutants that fail to regenerate their pigment pattern 

would imply that those mutants are defective in the adult MSC.  If the first regeneration 

event is normal, repeated rounds of regeneration could determine if some mutants were 

defective for MSC maintenance. 

Another important question is the relation of the larval zebrafish to the adult.  

While most of the MSCs in the larvae are employed in a regenerative event, the number 

of melanocytes in the larvae is an order of magnitude fewer than in the adult (Johnson et 

al., 1995b).  That suggests that during metamorphosis many more MSCs might be 

recruited to develop the adult pigment pattern.  Are these adult MSCs related to the larval 

MSCs?  There is some suggestion that at least some of the adult MSCs are unrelated to 

the larval MSCs.  Chapter 3 predicts that a kit homozygote would have no larval MSCs, 

but the adult does have melanocytes, although not as many as wild type (Johnson et al., 

1995b).  This question can be addressed using clonal analysis similar to the one Tryon et 

al. used (2011).  After injecting embryonic fish with the lineage vector, these fish can be 

segregated as larvae based on the presence of regeneration clones and then grown into 

adults.  Screening adults for clones will discover how closely related the MSC in the 

larvae is related to adult melanocytes.  Treating these adult fish with neocuproine, 

causing regeneration in these adults, can then provide a similar determination of the 
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relatedness of the metamorphic melanocytes to the underlying MSCs that support the 

adult pigment pattern. 

Additionally, Chapter 3 makes many specific predictions that can be directly 

tested with a marker for the MSC and/or an early marker for the ontogenetic melanoblast.  

An MSC marker in wild type should show that during a regenerative event in the larvae 

that most, but not all MSCs contribute.  Additionally, following individual MSCs across 

2 sequential regenerative events should reveal several things: nearly all MSCs contribute 

to at least 1 round; MSCs do not have a refractory period, i.e., they do not need to “rest” 

between regenerative events; and that many MSCs contribute to both rounds.  In the 

kitnull/+ mutant, a reduction of the number of MSCs should be observed.  With an 

additional marker for the ontogenetic melanoblast, a transient increase in the number of 

melanoblasts could be observed in the kitnull/+ mutant compared to wild type if this 

marker were expressed early in the lineage.  A reduction in early melanoblast symmetric 

divisions might also be observed in the kitnull/+
 mutant compared to wild type as some of 

the cells normally fated to become MSCs in the kitnull/+ mutant are converted into the 

ontogenetic lineage. 

 Chapter 3 focuses on lineage analysis, not on direct observation.  The 

ability to directly observe the MSC would allow for different and more complete analysis 

from Chapter 3.  I have shown how often a lineage responds to a regenerative event, but 

this does not address whether this is the same MSC.  Direct observation of the MSC 

would be conclusive as to whether this was the same MSC or a different, related MSC.  

This determination is also directly related to the estimates of the number of MSCs in each 

fish.  If instead of 1 MSC, the lineage analysis was performed on 2 closely related MSCs, 
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my estimates would double.  Direct observation of the MSC would allow for trivial 

quantification of the number of MSCs per fish. 

An alternative way to explore whether or not my lineage analysis revealed more 

than one MSC is through legacy labeling.  This would involve labeling the MSC during a 

first round of regeneration with a legacy marker, such as BrdU or EdU, performing a 

second round of regeneration without label, and scoring melanocytes for the marker.  The 

only way the marker would be present in melanocytes from the second, unlabeled round 

of regeneration would be that the MSC producing those melanocytes had incorporated the 

marker during the first, labeled round of regeneration.  That would demonstrate that those 

MSCs were dividing during both round of regeneration.  However, as these markers are 

not easily incorporated by the fish until 4dpf, this experiment is technically challenging to 

perform prior to metamorphosis. 

The receptor tyrosine kinase kit has long been studied in the mouse.  However, it 

can be difficult to study due to the effects it has on several stem cells system.  Gene 

duplication in the zebrafish allows study of kit just in the melanocyte lineage, allowing 

insights into the MSC that are technically challenging to address in the mouse.  Despite 

this difference, melanocyte development has been shown to be highly similar to what 

occurs in mammals.  Thus, my findings regarding the role of kit in the establishment of 

the MSC may not only be applicable to mammals, but work in zebrafish in general may 

be the best way to evaluate the function of kit in the MSC.  At the very least, this work 

can help to guide future work in the mouse MSC. 

Chapter 4 provides a guideline for future mutagenesis screens in zebrafish.  A 

primary bottleneck in screens is the time spent on the mutagenesis and screening, so 
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using mutagenized fish efficiently is or paramount importance.  Previous screens, even 

those done in the lab, may not have been done efficiently in the past.  As mutant screens 

are the first step in discovering new mutants in MSC function, this can aide many future 

screens in the lab. 
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